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' The paper reviews the biochemical aspects of acolimatization of human body to high altitude with particular 
refprence to the adaptive changes in skeletal muscles, hepatic function, adrenal function and carbohy- 
drate metabolism. 

Exposure a t  high terrestrial altitudes constitutes a general systemic stress. Decrease in partial prea- 
sure of atmospheric oxygen is the dominating factor that causes this stress a t  altitude. As a result of 
this stress the oardio-respiratory system in msn starts rapid functioning in order to meet the normal oxygen 
requirement of the tissues. In  case, the oxygen supply falls short of the optimum requirement of the tissues, 
the latter invoke adaptive mechanisms for sarvival and function a t  low oxygen tensions. The low atmo~-  
pheric pressure in tissue exerts a stress of different sortl. Severe cold conditions prevailing a t  high alti-' 
tudes, further aggravate the oxygen deficiency in view of its increased demand for thermogenesis. Besides, 
several systemic responses to hypoxia are diametrically opposite to those a t  low ambient temperature and 
hence complicate the physiological responses to natural high altitude conditions=. The ultraviolet and 
ionizing radiations a t  altitudes may also compliczte the systemic response. .4 localized variation in ozone 
content of the atamsphere at high altjtudes m3yfurther add to the respiratory distresss. These multiple 
factors strongly suggest that studies on the effects of high altitude should not be conducted under simulat- 
ed conditions of hypoxia, cold and radiation separately. Such studies though of immense interest, are 
often unable to  predict the course of events at high terrestrial altitudes. 

Most of the studies on the effect of high altitude and acclimatization have been restricted to few weeks. 
The effect of high altitude during prolonged stay has been evaluated frorn fhe data obtained on native 
populations. Since the natives of high altitude area represent a maximally adapted population to high 
altitudes, the mechanisms and course of adaptation in persons residing a t  plains can not be predicted from 
these studies. An opportunity for such studies was, however, provided by the Jndian army personnel who 
were stationed a t  altitudes beyond 10,00r feet for prolonged periods of two to three years. The army popula- 
tion further facilitated the control and selection of many variables otherwise extremely difficult to control 
in natives, such as age and physique, dietary variety, caloric and nutritional intake, physical conditioning 
and work output. For biochemical evaluation, these controls are necessary, As a result, considerable 
research activity emanated in the field of high a1tit;ude physiology and biochemistry in India particularly 
in Defence Laboratories. In this article, biochemical aspects of this study and some other connected aspects 
of high altitude biochemistry have been discussed. A large field of research in clinical medicine, treatment 
and pathology of high altitude diseases wherein considerable contribution of Indian Defence Scientists 
exists have been left out. 

P H Y S I O L O G I C A L  A D A P T A T I O N S  C O N C E R N I N G  O X Y G E N  , T R A N S P O R T ,  

Alarge decrease in ambient partial pressure of oxygen a t  high altitude is associated with a com;paratively 
small decrease in venous oxygen tension in man4. Evidently the cardio-respiratory system undergoes pro- 

,Ion or found alteration in its function to meet the challenge of oxygen deficiency. The increase in ventilate 
respiratory rate appears to be the primry response in this direction6. In  lungs, arterial oxygenation of the 
blood is facilitated by increased diffusion capacity; the latter has been observed in nativesof high 
altitudes area but oould not be confrmed in acclimatized lowlanders'. dmong the latter, the oxygen 
carrying capacity of the blood is increased which manifests in the form of increased hemoglobin 
and hematocrit. The oxy-hemoglobin dissociation curve shifts to the rights. This presumably facilitates 
the delivery of oxygen to the tissues a t  reduced oxygen tension. The role of diphosphoglycerate in shift of 
the oxygen hemoglobin dissociation has been recognisede. However, the significance of such a shift 
with reference to high altitude adaptaction in man has been questionedlo. Besides, a number of animal 
species which are fully aoclimatized to high altitudes do not possess diphosphoglycerate in their red 
blood corpuaclesll. 
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Prolonged exposure to hypoxia and hypoxic environment brings about extensive capillarization of 
tissues12. This also helps in reducing the oxygen gradient from circulating blood to cellular structures. 
An increase in the myoglobin content of the tissues13 appears to facilitate the diffusion of oxygen 
and its &orage in tissues. - 

- ,  

The tissues at  certain critical altitude or hypoxia ape unable to receive sufficient oxygenfor their optimal 
functioning, inspite of the enhanc:d capacity for oxygen intake, increased oxygen capacity of the vasculature 
and increased diffusion in the cellular structuresl4. Under these conditions, the anaerobic metabolism is 
forced to operate. If the oxygen deficie~lcy is further prolonged or increased, changes in cellular mechanisms 
develop as a,daptive process to utilize the available oxygen most economically. Jn well adapted high alti- 
tude populations, critical oxygen pressures for several processes such as maintenance of rectal tempe'ra- 
tures, csrdiac oulput, oxygen ooilsump.lion, are far lower than in sea level populationsl4. Such observa- 
tions strongly suggest that no: only the body mechanisms adapt to high altitude by increasing their 
efficiency for oxygen supply but also endeavour to utilize the available oxygen mmt economioally. 

A D A P T A T l O N S  I N  T I S S U E S  

The acclimatization to prolonged hypoxia or terrestrial altitudes requires several adaptive changes 
in tissues a t  cellular and sub-cellular level. Different tissues follow a differential time schedule for adapta- 
'tions to ensue beczuse of the different apou9ts of oxygen required, (ii) differential blood flow pattern or 
oxygen supply and the effect of hygoxia on such blood %ow patterns, (iii) inherent capacity of the tissue to 
change in response to hypoxia. Hence, it is desirable to discuss the acclimatization phenomenon of human 
body to high altitude hypoxia a t  cellular level, tissue wise. 

A D A P T I V E  C H A N G E S  I N  S K E L E T A L  M U S C L E S  

More than half of the body weight is contributed by skeletal muscles. Skeletal muscles are ilso 
concerned with physical movement and energy expenditure. Hence, the effect of oxygen deficiency on the 
performance-and functi&ing of skeletal muscles is expected to be of a very large magnitude. 
Physical work performance and its efficiency in terms of energy expenditme has been found to be consider- 

' 
ably decreased among the persons who come from plains to the higb aliitudels. T t  .takes up a consider- 
able period of acclimatization for attaining a reasonable efficiency in work ~e;formance at  altitude 16,17. 

The reason for the loss of efficiency a t  altitude has been widely believed to be the limitation of cardio-res- 
piratory system to supply adequate oxygen to working muscles. During such work, the energy cost of the 
function is also increased due to additional energy requirement of respiratory muscles18 which have to work 
a t  a higher pace. 

The cardio-respiratory ,system undergoes considerable adaptive changes. There are changes in function- 
ing of lung$$ csrdiac rnu~cle2~ vascularization of tissues etc. But all these are not sufficient to provide 
adequate oxygenation as the anaerebic load on the working muscle increases progressively a t  altitude213&28. 
In adapted individuals, more fundamental changes indicative of metabolic modifications are seen. The 
lactate accumulation in response to maximum exercise is less among acclimatized individuals as compared 
with the unadapted persons from the plains and higher the altitude of aoclimatization, the lower is the 
lactate accumulation21~24~2~. Recently, an increase in snccinate hccumulation was observed26 in 
experimental animals in response to chronichypoxia. It has been suggested +,hat lactate is further 
transformed into succinate in high altitude adapted animals. The relationship of such a finding in animals 
is yet to be explored in men. The decreased accumulation of lactate at  altitude might also be due to increased 
alkalinity of the blood or reduced muscular glycogen content27. - - 

Inspite d the limitation on the performance of physical work, the man, specially the soldier, has to per- 
form strenous physical tasks a t  high altitude. whet he^ such a physical endeavour would lead to any abnor- 
mality in muscidature was an open question, in view of khe muscle wasting28 negative nitrogen balance 
and appetite loss29 which have been often observed at  moderate to higE-~lG$udes. During the 
course of two years of stay a t  an altitude of nearly 4000 metres, measurements of serum creatine phospho- 
kinase levels (SCPK) and simultaneous excretion of creatine and creatinine were madeso. The enzyme 
level. in oirculation increased up to tenth month of stay a t  altitude followed with a progressive decrease 
with the duration of stay. An increase in circulating creatine phosphokinase would normally suggest 
either a muscular or neural ~athology. However, muscular dystrophy or necrosis is generally accompanied 
with increased urinary excretion of creatine and creatinine coefficient. The former was elevated only during 



SRIVASTAVA : Biochemical Aspects of Man to High Altitude Stress 

first two weeks of altitude stay and the latter remained more or less constant for two years at  altitude. 
The rise in SCPK, therefore, could not be due to overt muscular damage. There was no significant rise in 
serum aminotransferase levels a t  altitude except for during first two weeks31, an observation, which further 
confirms that there was no cardiac or skeletal muscle damage a t  altitude in these men. Further, evidence 
in this connection was available from studies on the efficiency of physical work performance which showed 
progressive improvement d t h  the duration of stay. During tenth month of altitude exposure, the loss in 
body weight- of these soldiers was barely 500 gms and in fact, their lean body mass was higher than the , 

initial sea level values2. These observations suggest that there was no damage to musculature which could 
be responsible for the increase in serum creatine phosphokinase levels. 

The urinary excretion of creatinine was gznerally increased a t  altitude among lowlanders. The natives 
had also a higher turnover of oreatinine a t  altitude36. These observations might be indicative of higher 
rate of metabolism in muscles. An increased myoglobin content13 and enzyme activities 33 including 
the mitochondria1 mass34 have been reported in muscles of high altitude animals and man. It is obvious, 
that the decreaaed availability of oxygen poses sufficient threat to the survival bf body musculature a t  
altitude but the tissue is able to adapt successfully a t  least a t  moderate altitudes. 

H E P A T I C  F U N C T I O N  A T  A L T I T U D E  

Liver has a great capacity to survive with low oxygan supply. Yet, i t  has to perform a variety of 
inter-organ functions in the body and hence, the abnormality in obher organs, affects the hepatic function. 
Thus, the lactate accumulation in skeletal rlluscle has to be compensated by its increased utilization or 
oxidation in the liver. 

In  our studies, profound changes in serum proteins were observed a t   altitude"^^. During first two weeks 
of exposure, an increase in total serum protein concentration was observed. This is widely believed to be 
due to hemoconcentration. However, this was accompanied with a decrease in albumin to globulin ratio. 
Subsequently the protein concentration returned to normal level in serum but the change in albumin to 
globulin ratio persisted even up to four weeks after return to sea level from altitude. There was an absolute 
decrease in albumin and increase in globulin fraotions. The most prominent increase in globulins was 
seen in ,,-fraction up to 20th month of stay this subsequently changed over to f i  and a, fractions. The a, an2 
p globulins were significantly higher in natives of high altitude area as compared with lowlander36. The 
increase in y-globulins among lowlanders at  altitude was not accompanied with rise in serum aminotran~ 
ferase activities31. The rise in globulins specially in Y-fraction would clinically suggest a hepatic disorder 
or infective state. Since, the aminotransferase levels were maintained around sea level value, this could not 
be the case. The dye and galactose elimination studies also suggest a normal hepatic function during 
first week of altitude exposure, when the hypoxic effect of environment is supposed to be mzximum in 
man37. The changes in albumin and globulin are presumably adaptive process. The reasons for the increase 
in globulins a t  altitude can only be surmised. It could be due to a rapid turnover of lymphocytes or re- 
ticuloendothdial system specially in lungs. The increased cc2 and f i  fractions may help in transporting ma- 
terials required for rapid erythropoesis and hyperactive adrenals. The decrease in serum albumin might 
be due either to a partial inhibition in its synthesis38 or its transfer from intravascular bed to extraviscular 
spac~3~. 

,The fatty infiltration of liver was reported as the cause of heavy mortality of neonatal rats a t  high 
' altitude by Chiodi*@ et al. Possibly, the fatty infiltration of liver does not occur in adult man or in adult 

animal at  altitude. The hyperfunction of adrenals during early high altitude exposure generally results 
in lipolytic mobilization of fats from adipose tissue and has been considered to be the primary cause of 
1?ss of body weight41. Under these conditions, an increase in circulating free fatty acids has been observ- 
ed and with the passage of time and with successful acclimatization, the circulating free fatty acids 
return to normal levelaa. A shift in respiratory quotient also suggests enhanced oxidation of fats over car- 
bohydrates during early high altitude exposure6,43. 

There was a distinct decrease in circulating cholesterol in man at  altitude*. This happens inspite 
of the increased fat and caloric intake. Man a t  moderately high altitude can digest increased intake of fats ' 
as well*. This efficient digestibility of fats without increase in circulating fats and fatty acids suggest an 
efficient removal and utilizati?n of fats by liver at  altitude, indicating a normal, hepatic functioning at 
altitude a t  least up to 4000 metres. 
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R E N A L  F U N C T I O N  A T  A L T I T U D E  

J,owlanders exposed to an altitude beyond 3500 metres and natives of high altitude area excrete larger 
amount of urinary protein and show reduced creatinine cleara,nces45-47. This effect of high altitude on 
glomerular filtration has been ascribed to hypoxia induced interference in protein reabsorption and partly to 
altered renal blood flow. 

However, in our studies urinary excretion of protein a t  or near 3500'metres in normal man during first 
week of exposure varied irrespective of climatic changes, physical exertion of the individual a,nd day of ex- 
posure to altitude. On the other hand in men, who had suffered from high altitude pulmonary oedema on a 
previous sojourn, an increased urinary output of protein was observed on first day of altitude exposure. 
Subsequently the protein excretion decreased but again had no correlation with climatic variation, physical 
exertion or days of altitude exposure. I 

The studies on urea clearance of man during prolonged stay a t  altitude indicate an interference in renal 
filtration of urea in lowlanderss6. At the same time, natives had a normal urea clearanceS6. It is not clear 
whether the interference in urea clearance of lowlanders at  altitude is of any significance. For changes to 
occur in blood urea levels, a very large decrease in urea clearance is required. I t  is not surprising therefore 
that men a t  high altitude did not feel any discomfort or abnorniality. The interference in urea clearance 
was also only of temporary nature as on return to sea level, normal clearance was observed within first 
week. 

A D R E N A L  . . F U N C T I O N  A T  H I G H  A L T I T U D E  

Several workers have observed hyper function of adrenal glands on acute exposure to high altitude, , 

Generally, the adrenals quickly adapt to new environment and return to normalcy, within first week of high 
altitude stay48-50. However, Halhuber and Gablebl reported a wide fluctuation in urinary excretion of 
steroids during third week of exposure. Klein52 found sixty percent higher corticoid level even after 6 
weeks of altitude stay. Evidence for increased adrenal activity has been obtained in experimental animals 
for 3-4 months of continuous simulated altitude exposure53. On the other hand, no significant increase 
in adrenal activity was observed among mountaineers even though they faced extremes of environmental 
oonditions54. An increased 11-hydroxy corticoid in blood was observed in young mountaineers only on days 
of considerable physical exertion55. Pugh56 had earlier suggested an altitude induced depression in gonadal and 
androgenic functions based on his observations on a a  Everest expedition. MacTnnes et a155 have observed 
a decrease in 11-Hydroxy corticoid levels in blood in exhausted mountaineers. .It appears from thweobser- 
vations that several regulatory factors such as extent of altitude and associated hypoxia, variation in environ- 
mental temperature, physical status of the individual and physical exertion are involved in acclimatization 
of adrenal glands and that the adreilals remain responsive to other faciors even after acclimatization to hypo- 
xia. Hence a seasonal variation, similar to experimental animals, may also be observed in man. In man 
during two years of stay a t  altitude, increase in 17-Keto-steroid excretion appeared to occur with the lowering 
of ambient temperature. However, the 17-hydroxy oorticoid increased only during first 10 months of stay. 
Subsequently, it decreased to sea level value and did not change with seasons. The mechanism of differen- 
tia,l response in 17-Keto and 17-Hydroxy steroid excretion due to a change in environmental conditions 
is not clear. I11 case, the ACTH stimulates the retention of cortisol in tissues with acclimatization, the uri- 
nary loss of cortisol metabolites (17-OHCs) may not be observed with the increase in 17-Ketosteroids -re- 
tion. The natives of high altitude area had a significantly higher urinary exoretion of 17-Ketosteroids and 
17 hydroxy steroids compared with lowlanders at  sea level and after acclimatization to high altitudes. 
Moncloa and Prette15' on the other hand, found similar urinary output of steroids among Peruvian natives 
and sea level reaidents. The reasons for the difference between Ladakhis and Peruvian natives are not 
clear. 

S T A T U S  O F  C A R B O H Y D R A T E  M E T A B O L I S M  A T  H I G H  A L T I T U D E  

A depressed utilization of glucose@-60 has b ~ e n  reported by several investigators at  high altitude. A 
depressed oxidation of glucose and its conversion to fatty acids were also observed in high altitude exposed 
ratssg. In  contrast to these findings, high carbohydrate diets have been found to be beneficial and palatable 
by many investigators a t  high altitude. It appears that the homeostasis of glucose between its production 
and intake on the one hand and oxidation and its conversion to other metabdites, on the other, are affected 
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by more than one factors a t  high altitude. Duration of stay was found to. be the factor affecting blood - 
glucose levels in our investigationss6*6*. The blood sugar leve1,in fasting men increased up to tenth month 
of stay a t  altitude and then i t  progressively decreased even below the normal sea le~~elvalue a t  the end of 24 
months of stay. HowGver, during t k o  years of stay, the glucose utilization 3 8  indicated by the tolerance 
studies was not affected. This suggests that the insulin response to additional glucose load was operating 
st a normal level during the ekire period of two years of stay. 

After tenth month, the reverse process started to manifest itself resulting in hyperglycemia. The 
hormonal or any otlier mechanism regulating these aspects of glucose metabolism need further investi- 
gation. 

t C O N C L U S I O N S  

The exposure to high altitude of 4000 metres, constitutes a systemic stress on man. This stress is beyond 
the normal physiological limits of cardiorespiratory systeni to tackle with. This leads to hypoxic challenge 
a t  cellular and subcellular level causing adaptive changes to take place in tissues. The skeletal muscle 
hepatic, adrenal and renal tissues are pliable enough to modify themselves to face this challenge although 
this takes nearly 10-15 months in man a t  4000 metres. 
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