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ABSTRACT

Acute mountain sickness (AMS) is the highest prevalent illness occurring on rapid ascends to
high altitude. The absence of the suitable animal model, clinical diagnostic markers and specific
drugs to mitigate symptoms associated with AMS still remains an enigma. The present study was
designed for the development of an animal model for acute hypobaric hypoxia-induced
alterations in fluid and electrolyte balance, cerebral vascular leakage (CVL), and hypovolemia in
rats. Further, we studied, the prophylactic efficacy of poly-herbal formulation comprising of
Terminalia arjuna (T. arjuna), Santalum album (S. album) and Nymphaea rubra (N. rubra)
during combined hypoxia dehydration (CHD) stress. For acute hypobaric hypoxia study, the
altitude was optimized by exposing animals at different altitudes viz., 10,000, 15,000, 20,000,
25,000, 27,000 and 30,000 ft. For dehydration studies, animals were exposed to dehydration
stress for 72 hrs. During CHD stress animals were exposed to dehydration for 60 hrs and then the
animals were exposed to acute hypobaric hypoxia at the altitude of 27,000 ft. For phyto-
prophylactics studies, 7. arjuna and S. album extracts were administered to hypoxic animals
(27,000 ft.) at the doses of 150 and 200 mg/kg respectively and N. rubra extract at the dose of
200 mg/kg was administered to dehydrated animals. A poly-herbal formulation with an optimized
composition of T. arjuna, S. album and N. rubra was prepared and toxicity studies were
conducted according to the guidelines provided by the organization for economic corporation and
development. Glomerular filtration rate was estimated by "“”*"DTPA, plasma volume and CVL
was estimated by using Evan’s blue and sodium fluorescein dye respectively. Renin, angiotensin-
II, aldosterone, ANP, TNF-a, IL-16, IL-1p and S100B were estimated by ELISA kits. The

expression of RAGE and NF-«xB were studied by commercially available antibodies. RBC
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fragility was estimated by isotonicity and flow cytometric methods. Exposure to hypobaric
hypoxia was found to cause fluid and electrolyte imbalance and neuro-inflammation in rats.
Dehydration was found to increase RBC fragility. During CHD exposure dehydration was found
to additively working along with hypoxia in the progression of patho-physiology of AMS. T.
arjuna extract mitigates acute hypobaric hypoxia-induced decrease in glomerular filtration rate
and fluid and electrolyte imbalance. S. album extract was found to be effective in attenuating
hypoxia-induced neuro-inflammation in rats and extract of N. rubra was found to decrease
dehydration induced increased RBC fragility in rats. The optimized composition of the poly-
herbal formulation was found to be 1:1:0.25 for T. arjuna, S. album and N. rubra. The optimized
dose of poly-herbal formulation was 600 mg/kg and human equivalent dose was 97 mg/kg. The
study concludes that dehydration along with the hypobaric hypoxia could be equally responsible
the patho-physiology of AMS. The decreased glomerular filtration rate, increased neuro-
inflammation and RBC fragility during CHD stress could be the specific markers associated with
AMS. The poly-herbal formulation prepared from 7. arjuna, S. album and N. rubra could be

effective clinically in mitigating symptoms associated with rapid ascend to high altitude.
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1. INTRODUCTION

Acute mountain sickness (AMS) is the highest prevalent illness occurring on the rapid ascent to
the high altitude. The decreased partial pressure of oxygen along with dehydration at high
altitudes trigger a series of immediate physiological changes to cope with the hypoxic
environment through the process of acclimatization. AMS typically results from failed
acclimatization and may even result in fatal conditions like high altitude cerebral and pulmonary
edema, if neglected. Despite AMS being the most prevalent illness on acute exposure to high
altitude, the patho-physiology of AMS still remains an enigma. The absence of clinical diagnostic
markers and suitable animal models for AMS is probably the limiting factor for researchers
worldwide in determining the molecular mechanisms resulting in AMS at the high altitude.
Though there have been several theories on physiological mechanisms leading to AMS, the
matter continues to be debatable [1].

Though the exact mechanism has not been put forth, numerous hypotheses have
been proposed regarding the patho-physiological mechanisms leading to AMS symptoms. One
such hypothesis which indicates the role of hyper-activated adrenergic nervous system medicated
imbalance of circulatory renin-angiotensin-aldosterone system (RAAS) in the patho-
physiological mechanisms associated with AMS, is known as the fluid and electrolyte imbalance
hypothesis of AMS [2-3]. Interestingly, there is an excessive accumulation of fluid has been
found to observed in dwellers with positive symptoms of AMS, supporting hyper-activated
RAAS mediated fluid imbalance hypothesis of AMS [4]. Under patho-physiological conditions,
angiotension-1I, a peptide hormone and a key component of RAAS amplifies sodium re-
absorption and causes a significant decrease in glomerular filtration rate (GFR) [5]. In addition to
this, angiotensin-II also has been found to control release of aldosterone, another key component

1



of RAAS [3]. This angiotensin II release is regulated by atrial natriuretic peptide (ANP), a
peptide hormone, secreted from the atria, which also the controls the action of several hormones
viz., angiotensin-II, aldosterone and vasopressin [6] and various other physiological parameters
of fluid balance in the body like vasodilation, fluid and electrolyte balance and GFR [7-8].

Acute exposure to hypobaric hypoxia results in decreased blood supply to the brain and
hyperventilation induced excessive accumulation of carbon dioxide both of which could be
working synergistically in controlling cerebral flood flow at high altitude [9]. In order to
compensate of decreased cerebral blood flow, vascular resistance was found to be significantly
reduced in small arteries and arterioles along with an increase in cerebral blood flow [10].
Increase cerebral blood flow and vasodilatation in arteries and arterioles causes increased brain
volume and intracranial pressure in the brain [11]. Increased brain volume and elevated
intracranial pressure result in amplified blood-brain barrier (BBB) permeability that finally leads
to augmented CVL, often referred to as ‘tight fit hypothesis of symptoms associated with AMS’
[12-14]. BBB, formed by the brain endothelial cells, plays a dominant role in maintaining fluid
homeostasis by regulating the flux of fluids and substances between the systemic circulation and
brain microenvironment and protecting the brain from harmful xenobiotics that may cause
damage to neuronal and non-neuronal cells present in brain microenvironment [12-13]. Acute
exposure to hypobaric hypoxia has been well reported to cause disruption of BBB permeability
and is associated with increased CVL [15]. Hypobaric hypoxia-mediated increased neuro-
inflammation has been reported to play a crucial role in acute hypobaric hypoxia-induced altered
BBB permeability [12]. Under physiological conditions, homeostasis between pro- and anti-

inflammatory cytokines play a pivotal role in maintaining the immune responses in the body [16].



However, under patho-physiological conditions, dys-regulation of homeostasis between pro- and
anti-inflammatory cytokines leads to neuro-inflammation and disruption of the BBB [17].

S100 classes of proteins are the low molecular weight proteins, which have been
characterized by the presence of two calcium binding sites with helix-loop-helix conformation
[18]. 21 different types of S100 class of proteins have been reported in the literature and are
generally considered as damage-associated molecular patterns [19]. The major function of S100
class of proteins is sensing Ca®*, once activated they may interact with other proteins regulating
their activity. S100B, one of the first identified S100 class of protein, has been reported to be
secreted by astrocytes [20]. Secreted S100B protein may exert regulatory activities in response to
intra- and extracellular signals and has been considered as a specific marker of brain injury [21-
22]. More specifically elevated serum S100B has been considered as a marker of
neuroinflammation associated with acute and chronic injury [23]. High serum S100B protein
levels have been found in subjects exposed to acute hypobaric hypoxia with symptoms of AMS
[24]. The receptor for the advanced glycation end products (RAGE), could work as signal
transducer receptor and causes microglial activation resulting in neuro-inflammation through NF-
kB dependent mechanisms [25]. Interestingly, dissociated NF-«xB has been found to control
hundred of genes and has emerged to be a mediator of inflammatory processes [26]. So, blocking
of RAGE/NF-kB pathway could be beneficial in hypoxia induced neuro-inflammation and
subsequent CVL in rats.

In addition to the low partial pressure of oxygen, high altitude environment is also
characterized by low absolute humidity. Though the existing hypothesis on AMS considerably
focuses on physiological changes associated with hypobaric hypoxia, the possible role of low

humidity induced dehydration in triggering AMS has not been adequately explained in the



existing literature. Water is an essential nutrient and water deprivation of only 2% can result in
impaired physical and mental performance [27]. Dehydration is referred to as a state of
deficiency of body water, which may be due to the excessive loss of water and/or inadequate
intake of water, resulting in hypo-hydration in organs and tissues [28]. Previous reports suggest
that dehydration results in fluid and electrolyte imbalance dependent increased plasma osmolality
[29]. Dehydration-induced increased plasma osmolality has been well reported to cause increased
red blood cell (RBC) fragility [30]. Magnesium has been reported to play a dominant role in
maintaining cellular functions and deficiency of magnesium is associated with many neurological
and cardiac dysfunctions [31]. In addition to this, there is a direct link of magnesium with
endurance and performance. It has been reported that animals deficient in magnesium perform at
a snail's pace in trade mill test [32]. Magnesium also has a role in chronic fatigue syndrome. The
patients with chronic fatigue syndrome have low red blood cells magnesium, further supporting
the link of magnesium with performance and endurance [33]. Exposure to dehydration has been
previously reported to decrease serum magnesium concentration [34]. Previous reports on
shifting of magnesium ions from serum into RBC during marathon provided a plausible
explanation for the decrease in serum magnesium concentration [35-36]. Studies by De
Franceschi et al., (1997) show that supplementation of magnesium reduces RBC dehydration
duringsickle cell disease [37]. Thus, studying the effect of dehydration on RBC fragility and
prevention of dehydration induced RBC fragility could indirectly mitigate the symptoms
associated with AMS.

The prophylactics recommended for AMS are limited to acetazolamide, a potent carbonic
anhydrase inhibitor, which is generally used for both prophylactic as well as curative

management of symptoms associated with AMS, high altitude pulmonary and cerebral edema



[38]. However, acetazolamide is associated with many adverse effects viz., tinnitus, numbness,
motor weakness, and fluid and electrolyte imbalance [39]. Herbal drugs and/or formulations
developed from herbal drugs have been widely reported traditionally for their potential to manage
maladies associated with high altitude. Highly advantageous over allopathic medicines, the herbal
formulations are free of side effects associated with allopathic medicines. Considering the side
effects associated with the usage of acetazolamide, there is a necessity for identifying alternative
prophylactics preferably from herbal resources, to prevent an occurrence of AMS on acute
exposure to high altitude.

Terminalia arjuna (Roxb. ex DC.) Wight & Arn. (7. arjuna), a deciduous plant of
genus Terminalia, belongs to the Combretaceae family. This plant is abundantly present in many
parts of India and arjun tree in India [40]. In the Ayurvedic system of medicine, 7. arjuna has
been reported for its activity in providing beneficial effects in cardiac disorders [41]. It is now
clinically proven drug agent has an efficacy in various cardiac disorders [42]. Even stem bark of
arjun tree has been reported to provide beneficial effects against acute renal failure [43].

Sandalwood, the dried heartwood of Santalum album L., belonging to the family
Santalaceae, has been known as the green gold [44]. It predominantly contains sesquiterpenes
viz., a- and B-santalol with the percentage of 53% and 23% respectively [45]. It has been reported
in the literature to have sedative, anti-diarrohoeal, diuretic, antibacterial, and antiviral activities
[44, 46]. In Ayurveda, a traditional Indian medical system, sandalwood has been reported as an
anti-inflammatory drug and used traditionally to treat chronic inflammation of bladder and
pyelitis [47]. Existence literature, however, does not report on the anti-inflammatory and
neuroprotective potential of sandalwood extract in acute hypobaric hypoxia induced neuro-

inflammation in rats.



Nymphaea x rubra Roxb. ex Andrews (N. rubra), with local name kumuda, is an aquatic
perennial herb belonging to family Nymphaeaceae. Recently, it has been found that N. rubra is a
hybrid produced by the cross between N. lotus and N. pubescens as a parental species [48]. It
grows on the shores of lakes, rivers and water bodies. The plant can grow to heights up to 6 to 7
feet in the water and has green colored leaves floating on water and pink colored flowers. The
tubers are vertically covered with hairs. The plant is naturally found in Asia and in India mainly
in Odisha and West Bengal [49]. In the traditional medicine system, various parts of N. rubra
have been reported for treating disorders associated with blood [50]. In addition to this,
pulverized rhizomes mixed with honey have been used as a therapeutic agent for bleeding nose,
piles, dysentery and as cardiac tonic [51]. Pharmacologically, this whole plant is known to have
protective effect on various disorders viz., anthelmintic, immuno-modulation, insulin resistance,
anti-hyperglycemic, anti-dyslipidemic, anti-inflammatory, anti-pyretic, hepato-protective and free
radical scavenging activity [49, 52-54]. The rhizomes of N. rubra have also been reported for
their anti-oxidant efficacy and total phenolic and flavonoids in the methanolic extract were found
to be in ample amount [55]. Phytochemical analysis of flowers of N. rubra reveals the presence
of polyphenolic compounds viz., rutin, quercetin, scopoletin and kaempferol [54]. Literature is
sparse on extensive toxicological evaluation, phytochemical analysis, and therapeutic potential of
N. rubra rhizome extract in dehydration-induced increased RBC fragility in rats.

The world's toughest, coldest, highest and bravest battle is being fought on Siachen
Glacier for over the last 25 years. This is the most glaciated area outside the polar region
comprising 22 glaciers. Troop deployment on the forward post is from 18, 000 ft. to 21, 000 ft.
AMS has been widely reported in the troops and these symptoms may be fatal if not treated

timely. With the availability of scientific data on the use of 7. arjuna, N. rubra and S. album for



various ailments in traditional medicinal systems, their bio-safety is well established since ages.
However, their implications in preventing causative factors for AMS viz., sodium retention,
CVL, and hypovolemia have never been explored. No herbal formulation specifically preventing
AMS in humans has either been reported in the traditional literature or modern medicine. Though
some studies have been carried on plants like Rhodiola rosea and Panax ginseng for high
altitude-related ailments, their efficacy for preventing symptoms associated with AMS still
remains debatable. Due to absence of animal model for AMS, pre-clinical research on therapeutic
and prophylactic potential of pharmaceutical and bioactive compounds against AMS is sparse.

The patho-physiological markers associated with AMS also remain to be conclusively identified.
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2. REVIEW OF LITERATURE

2.1. Introduction of AMS

Rapid ascend to high altitude in non -acclimatized individuals may lead to AMS, usually begins
within the few hours of ascend and cardinal manifestations consists of headache, nausea,
vomiting, insomnia, fatigue and dizziness [3]. The occurrence and severity depends on rate of
ascend, the altitude attained, altitude at which dwellers sleep and individual vulnerability to the
cardinal manifestations associated with AMS [56]. Depending upon the severity and treatment,
the symptoms coupled with AMS may lasts from few days to week [57]. AMS may be graded
from grade 1 to 4 depending upon the severity of symptoms, whereas, gradel and 2 patient has
the minimal symptoms of AMS and can continue to trek with some precautionary measures,
grade 3 patient has the severe manifestations and cannot continue to trek and requires rest and
grade 4 the patient cannot ambulate, symptoms are progressive and disturbance of consciousness
or gait may be present and required prompt medical treatment with oxygen and descent. Grade 3
and 4 patient, severity of symptoms may be incapacitating and could be associated with HAPE

and HACE [58].

2.2. History of AMS

In 37-32 BC, the symptoms of high altitude ailments were earliest reported by a Chinese official
of the Western Han Dynasty, Too Kin during the reign of Chung Li [59]. In 1590, priest Jose de
Acosta also had given portrayal about the symptoms allied with ascent to the Andean range in
Peru (4800 m) [60-61]. Interestingly with the discovery of existence of oxygen gas in late 1772
by a Swedish chemist, first scientific expedition to Mount Blanc was accomplished by Horace-

Benedict de Saussure and documented pulse and respiration at various altitudes made clear



possible role of oxygen underlying the symptoms of AMS [62-63]. In 1862, two balloonist died,
while ascend to 29, 000 ft. and death was due to extreme altitude sickness [64]. In 1891, H.
Kronecker, had started working on decompression chamber taking two people at a time to a
pressure equivalent to 13000 ft. [65].

With the end on nineteenth century, Paul Bert made a remarkable logical achievement by
finding the mechanism of oxygen carrying capacity of hemoglobin and its relationship with the
partial pressure of oxygen by using decompression chamber as a model of high altitude and AMS
symptoms and was considered to be father of high altitude physiology [66]. At the end of
nineteenth century, researcher’s now had started to understand the AMS as well as association of
its symptoms with fall in partial pressure of oxygen. Joseph Barcroft, a British physiologist, one
another pioneer in the field of high altitude physiology, has started doing experiment with him
own as a subject in a sealed room for 6 days simulating the altitude of 18,000 ft. In 1922, first
systematic study on AMS was conducted by the International High Altitude Expedition and
expanded the knowledge about the high altitude physiology and concluded impairment of both
physical and mental abilities during high altitude ascend [67].

Alexander M. Kellas, a British physiologist, attracted attention of researcher’s towards the
Himalayas, by his conclusive review of Mt. Everest, “Mount Everest could be ascended by a man
of excellent physical and mental constitution in first-rate training, without adventitious aids if the
physical difficulties of the mountain are not too great” [68]. In 1966, a clinical study published in
New England Journal of Medicine gain popularity for providing the direct correlation between
hypoxia and the symptoms of AMS [4].

HAPE and HACE, both pathologically and clinically considered being an extension of

AMS [69]. Mounting evidences advocating the progression of AMS to HAPE and HAPE with 36



h and symptoms HAPE and HACE occurs concomitantly or may progress individually [58].
Historically, the theory of alteration in neurological functions during rapid ascend to high altitude
was first proposed in 1898, by, Mosso and further confirmed in 1965, by, Singh [4, 70]. While,
1911, post-mortem studies of a doctor died during expedition to Mont Blanc and subsequently in

1913, TH Ravenhill, high altitude researcher, provided with diagnostic framework of HAPE [71].

2.3. Symptoms of AMS

The most leading complication of AMS is headache and it is estimated that 25, 80 and 100% non-
acclimatized dwellers experience headache at the altitude of 2750, 3000 and 4500 m respectively
[72]. Additional non-specific cardinal manifestations include lassitude, fatigue, malaise, dizziness
and nausea [73]. In addition to this, insomnia has been found to be very prevalent in individuals
at high altitude and has been considered as major symptoms of AMS [74].

Rapid ascend to high altitude has been considered as main risk factor of headache
associated with high altitude [75]. Headache has been found to appear as isolated symptoms with
the few hours of high altitude exposure in non-acclimatized individuals can be constitutively
present with other non-specific symptoms of AMS [75]. Headache associated with AMS has
commonly found to be diffuse and steady, and non-acclimatized sojourns may experience pain in
the frontal, frontopariental or holocranial regions [76-77]. Headache at high altitude may be due
to the activation of pain receptors of large blood vessels of trigeminal ganglia that projects to the
cortex and innervates meninges [78]. The activation of pain receptors may be due to the increased
intracranial pressure, brain swelling or due to release of nociceptive substances [73].

Loss of appetite has been observed in non-acclimatized dwellers due to hypobaric
hypoxia [79]. Reductions in appetite result in the reduction of caloric and protein intake to 30 and

40% respectively [80]. The possible molecular mechanism is the increased activity of hypoxia
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inducible factor 1 in the hypothalamus resulting in increased expression of leptin, a responsible
protein for control of appetite [81]. Nausea and vomiting has been reported to cause by rhythmic
labyrinthine stimulation of afferent neurons during motion sickness [58].

Data emerges from studies provides an evidence of altered sleep cycle and deep sleep that
can cause insomnia [82]. In addition to this, insomnia at high altitude has been positively
correlated with symptoms of anxiety [83]. Hypobaric hypoxia induced decreased plasma volume
and excessive ventilation induced decreased cerebral blood flow could be the reason for central
cardinal manifestations of AMS viz., dizziness, faintness, mental confusion and ataxia [58]. Thus,
describing AMS as more of cerebral and above mentioned neurological symptoms along with
deficit in learning and memory, focusing and impaired finger tapping speed [57, 84]. Magnetic
resonance imaging reveals edema in globus pallidus and cortical dysfunctions [85].

2.4. Questionnaire for AMS

In 1991, a simplified AMS questionnaire, Lake Louise Score (LLS), had been proposed and
named after the venue of International Hypoxia Conference that was held at Lake Lousie, Canada
[86]. LLS have been validated clinically and now days this questionnaire has been widely used
for assessment of incidence and symptoms associated with AMS [87-88]. LLS has 5 questions
with 4 point scale and total score of patient with 3-5 has mild symptoms while score more than 6

has severe symptoms of AMS [86] (Table 1).
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Table 2.1: Lake Louize Scors for Acute hMountam Sickmess

Symptom Score
Headache No 0
Mild 1
Severe 2
Incapacitating 3
Gastrointestinal symptoms Mone 0
Poor appetite or nausea 1
Moderate nausea or nausea 2
Severe nausea and or vomiting 3
Fatigue and or weakness No tired or weak 0
Mlhld fatigue’ weakmess 1
Moderate fatigue’ weakmess 2
Severe fatigue’ weakness 3
Dizziness/ light headedness Mo dizziness 0
Mild dizziness 1
Dhizziness' light headedness 2
Severe dizziness 3
Difficulty in sleeping Slept as well as usnal 0
Dio not sleep as well as usual 1
Woke many times, poor sleep 2
Could not sleep gf all 3

2.5. Pathophysiology of AMS

Indeed, the exact pathophysiolological processes that cause symptoms of AMS in dwellers are
still not clear [56]. There are many proposed hypothesis describing multiple factors correlated
with the cardinal manifestations of AMS [73]. More specifically, symptoms associated with AMS
have been found to be cumulative of various hypothesis viz., fluid and electrolyte imbalance,
cerebral swelling induced by vasodilatation and cellular edema, release of local mediators and
increased blood-brain barrier permeability and hypovolemia hypothesis of AMS [58, 89].
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2.5.1. Fluid and electrolyte imbalance hypothesis

Fluid and electrolyte balance plays a dominant role in optimal health maintenance [3, 90].
Approximately, 70% of body weight of an individual is considered to be the total body water
present in human body and is distributed between intra and extracellular compartments.
Intracellular fluid is 2/3™ of total body water consists of potassium, magnesium and phosphates
(ATP, ADP and AMP) as major ions while extracellular fluid constitutes 1/3" of total body water
and consists of sodium, biocarbonate and chloride as major ions system [91].

Though the exact mechanism has not been put forth, numerous hypotheses have
been proposed regarding the pathophysiological mechanisms leading to AMS symptoms. One
such hypothesis which indicates the role of hyper-activated adrenergic nervous system medicated
imbalance of circulatory renin-angiotensin-aldosterone system (RAAS) in the pathophysiological
mechanisms associated with AMS, is known as the fluid and electrolyte imbalance hypothesis of
AMS [1-3]. Interestingly, there is an excessive accumulation of fluid has been found to observed
in dwellers with positive symptoms of AMS, supporting hyper-activated RAAS mediated fluid
imbalance hypothesis of AMS [4]. Under pathophysiological conditions, angiotension-II, a
peptide hormone and a key component of RAAS amplifies sodium re-absorption and causes
significant decrease in GFR [5]. In addition to this, angiotension-II also has been found to control
release of aldosterone, another key component of RAAS [3]. This angiotensin II release is
regulated by Atrial natriuretic peptide (ANP), a peptide hormone, secreted from the atria, which
also controls the action of several hormones viz., angiotensin-II, aldosterone and vasopressin [6]
and various other physiological parameters of fluid balance in the body like vasodilation, fluid

and electrolyte balance and GFR [7-8]. Excessive accumulation of fluid and electrolyte could be
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the reason for edema of lung and brain, pointing an arrow towards advancement of AMS towards

HAPE and HACE if AMS remains untreated [3] (Figure 2.1).
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Figure 2.1: Possible molecular mechanism of hypobaric hypoxia induced altered dieresis, sodium retention and fluid
accumulation in AMS positive patients.

ANP: Arterial natriuretic peptide; RAAS: Renin angiotension aldosterone system

2.5.2. Vasogenic hypothesis of AMS
High metabolic rate and restricted substrate storage capacity of brain has led brain to accurately
auto-regulate blood flow in order to maintain constant supply of nutrients and oxygen [92]. In has

been reported that, altered oxygen supply to brain, partial pressure of carbon dioxide, mean
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arterial pressure and autonomic nervous system majorly regulate cerebral blood flow [92-93].

Acute exposure to hypobaric hypoxia result in decreased blood supply to the brain and

hyperventilation induced excessive accumulation of carbon dioxide could be working

synergistically in controlling cerebral flood flow at high altitude [9, 93]. In order to compensate

with decreased cerebral blood flow, vascular resistance has been found to significantly reduce in

small arteries and arterioles and increase in cerebral blood flow [10]. Increase cerebral blood flow

and
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Figure 2.2: Acute hypobaric hypoxia induced altered blood-brain permeability and CVL

vasodilatation in arteries and arterioles causes increased brain volume and intracranial

pressure in brain [94]. Augmented cerebral blood flow and vasodilatation may overcome
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capillary vasoconstriction, increase blood-brain permeability that finally resulting in CVL [12,
95-96]. Increased brain volume and elevated intracranial pressure result in amplified blood-brain
barrier (BBB) permeability that finally leads to augmented CVL referred to as ‘tight fit
hypotheses of symptoms associated with AMS [12, 14]. BBB, forms by the brain endothelial
cells, plays a dominant role in maintaining fluid homeostasis by regulating the flux of fluid and
substances between the systemic circulation and brain microenvironment and protecting the brain
form harmful xenobiotics that may cause damage to neuronal and non neuronal cells present in
brain microenvironment [12-13]. Acute exposure to hypobaric hypoxia has been well reported to
cause disruption of BBB permeability and is associated with increased CVL [15]. Hypobaric
hypoxia-mediated increased neuro-inflammation has been reported to plays a role in acute
hypobaric hypoxia-induced altered BBB permeability [12]. Under physiological conditions,
homeostasis between pro- and anti-inflammatory cytokines play a pivotal role in maintaining the
immune responses in the body [16]. However, under pathophysiological conditions,
dysregulation of homeostasis between pro- and anti-inflammatory cytokines leads to neuro-
inflammation and disruption BBB [17] (Figure 2.2)

S100 classes of proteins are the low molecular weight proteins have been
characterized by their two calcium binding sites with helix-loop-helix conformation [18]. 21
different types of S100 class of proteins has been reported in the literature and considered as
DAMPs [19]. The major function of S100 class of proteins is their function as Ca** sensing and
once activated they may interact with other proteins resulting in regulation of their activity.
S100B firstly identified S100 class of protein has been reported to secrete by astrocytes [20].
Secreted S100B protein may exert regulatory activities intra- and extracellular signals and has

been considered as a specific marker of brain injury [21-22]. More specifically elevated serum
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S100B has been considered as a marker of neuro-inflammation associated with acute and chronic
injury [23].
High serum S100B protein levels have been found in subjects exposed to acute hypobaric

hypoxia with symptoms of AMS [24]. However, the exact molecular mechanism

O TR EE5000505056

h 4

Figure 2.3: Role of S100B protein in neuro-inflammation.
S100B: S100 calcium-binding protein B; RAGE: Receptor for the advanced glycation end products; PKB: Protein
kinase B; PI3K: Phosphatidylinositol-4,5-bisphosphate 3-kinase; Ixp: Inhibitor of kappa B; Nuclear factor kappa-

light-chain-enhancer of activated B cells; TNF-a: Tumor necrosis factor a; IL-1: Interleukin 6; IL-1: Interleukin 1
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of S100B dependent regulation of inflammatory pathways is not clear during hypobaric
hypoxia. The receptor the advanced glycation endproducts (RAGE), could work as signal
traducer receptor and causes microglia activation result in neuro-inflammation through NF-xB
dependent mechanisms [25]. Interestingly, dissociated NF-kB has been found in the literature to
controls hundred of genes emerged to be a mediator of inflammatory processes [26] (Figure 2.3).
2.5.3. Hypovolemia hypothesis of AMS
Exposure to hypobaric hypoxia has been found to decrease plasma volume and has been
positively correlated with the symptoms of AMS [97]. The mechanism behind high altitude
induced dehydration and hypovolemia is not clear. It could be due to the cold environment at
high altitude that leads to excessive diuresis and poor availability of water [97-98]. In addition to
this dehydration at high altitude has been found to compromise physical performance, this could
be a reason behind positive correlation of AMS symptoms with dehydration [89]. However,
further studies are required in this direction to propose molecular mechanisms to justify the
correlation between dehydration and manifestations of AMS.

Magnesium has been reported to play a dominant role in maintaining cellular functions
and deficiency of magnesium has been associated with many of neurological and cardiac
dysfunction [31]. In addition to this, there is a direct link of magnesium with endurance and
performance. It has been reported that animals deficient in magnesium performs at a snail's pace
in trade mill test [32]. Magnesium also has a role in chronic fatigue syndrome. The patients with
chronic fatigue syndrome have low RBC magnesium, further supporting the link of magnesium
with performance and endurance [33]. Exposure to dehydration has been previously reported to
decrease serum magnesium concentration [34]. Previous studies report on shifting of magnesium

ions from serum into RBC during marathon providing a plausible explanation for decrease in
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serum Magnesium concentration [35-36]. Studies by Franceschi et al., (1997) show that

supplementation of magnesium reduces RBC dehydration in sickle cell disease [37].
2.6. Non-pharmacological and pharmacological measures for preventing AMS

There no specific drug molecule has been identified to treat symptoms pertaining to AMS. This
may be because of non-selective symptoms associated with pathophysiology of AMS. However,
the symptoms could be preventively managed non-pharmacologically and pharmacologically
[73].
2.6.1. Non-pharmacological measures for AMS
Majorly there are three factors that describe incidence and severity of AMS viz., speed of ascent,
altitude attained and the previous acclimatization [58]. Rapid ascent to high altitude has been
found to be a major contributor to the symptoms of AMS [99]. It has been reported that about
25% of dwellers experience symptoms of AMS following rapid ascend to high altitude [58]. So,
by controlling speed of ascent in terms of meters gain per day has been found to be the best
method to control symptoms associated with AMS [73, 100]. In addition to this, sleep at
particular altitude gain in a day has been additionally considered for preventing symptoms [100].
Prevalence and severity of cardinal manifestations associated with AMS has been found
to increase with altitude attained [58]. A study conducted by Montgomery et al. have found that
25% of individual experiences symptoms of AMS at the altitude of 2000m [101]. Subsequently,
79% of subjects were found AMS positive at the altitude of 3660m and approximately 96% of

subjects had symptoms of AMS at the altitude of 4, 232 m [59, 102].
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Table 2.2: Description about non-pharmacological measures of Acute Mountain Sickness

Measures Description

Speed of ascend 300-500m/day ascend with 1 day rest every
3-4 days

Altitude attained The percentage prevalence of AMS is above

90% at the altitude more than 4000

Pre-acclimatization 5 or more days above the altitude of 3000m

mn last 2 months

Pre-exposure to high altitude in last few months has also been found to reduce the
incidence of AMS in subjects [103]. Interestingly, pre-acclimatization reduces the symptoms up
to 50% by spending 5 or more days above the altitude of 3000m in the last 2 months [104]. So,
taking consideration into rate of ascend, the particular altitude attained and pre-acclimatization
could be a preventive measure for preventing symptoms of AMS (Table 2).

2.6.2. Pharmacological measures for AMS

Acetazolamide, a carbonic anhydrase inhibitor, at the dose of 125mg bis a day, has been
suggested sufficient for preventing symptomatic AMS [58]. Acetazolamide has been reported to
cause bicarbonate dieresis and metabolic acidosis resulting in stimulation of ventilatory responses
to hypobaric hypoxia during high altitude exposure [75]. On the other hand, intravenous therapy
of acetazolamide has also been found to increase cerebral blood flow and respiration by causing
carbonic acidosis in brain tissue [38]. Dexamethasone, a synthetic glucocorticoid, has been
reported to be the best alternative to acetazolamide [73]. The molecular mechanism of
dexamethasone has found to be acting on reduction of capillary bed permeability by inhibiting

production of prostaglandins [105]. The use of dexamethasone over acetazolamide is still
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debatable [106]. However, dexamethasone has been found highly effective as compare to
acetazolamide in cases where rapid ascend for short period is required [107]. Non-steroidal-anti-
inflammatory drug viz., ibuprofen has also been found to be effective for preventing symptoms

associated with AMS [73, 108].
2.7. Drawbacks with existing prophylactics for AMS

As discussed earlier, there is no specific drug discovered for mitigating AMS symptoms.
Acetazolamide and dexamethasone have been well reported in the previous literature for
preventing manifestations associated with AMS [58]. Common adverse effects associated with
the acetazolamide is nausea and vomiting and has been proved to synergistically increases the
severity of nausea and vomiting in subjects exposed to acute hypobaric hypoxia [109]. In
addition to this, acetazolamide has been found un-effective during rapid ascend has been required
with less acclimatization protocols [107]. Previous published literature advocates avoidance of
dexamethasone use for prevention of AMS [106]. Dexamethasone has been reported to cause
rebound to symptoms associated with AMS viz., fatigue, insomnia and depression after

discontinuation of therapy [110].
2.8. Selection of plants for preventing AMS

2.8.1. Selection of Terminalia arjuna (Roxb. Ex DC.) Wight & Arn.

Terminalia arjuna (Roxb. ex DC.) Wight & Am. (7. arjuna), a deciduous plant of genus
Terminalia, belongs to the Combretaceae family. This plant is abundantly present in many parts
of India and arjun tree in India [40]. In arurvedic system of medicine, 7. arjuna has been reported
for its activity in providing beneficial effects in cardiac disorders [41-42]. It is now clinical
proven drug agent has an efficacy in various cardiac disorders [42]. Even stem bark of arjun tree
has been reported to provide beneficial effects against acute renal failure [43] (Figure 2.4).
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Figure 2.4: Terminalia arjuna plant. (http://www.planetayurveda.com/media/wysiwyg/planet/terminalia-arjuna.png)

2.8.2. Selection of Santalum album L.

Sandalwood, the dried heartwood of Santalum album L., belongs to the family Santalaceae, has
been known as green gold [44]. It is widely distributed in India, Malaysia and Australia [47]. It
predominantly contains sesquiterpenes viz., a- and P-santalol with percentage of 53 and 23

respectively [45].

Figure 2.5: Santalum album plant (http://www.planetayurveda.com/media/wysiwyg/planet/santalum-album.jpg)
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It has been reported in the literature as sedative, anti-diarrohoeal, diuretic, antibacterial
and antiviral activities [44, 46]. In Ayurveda, a traditional Indian medicinal system, sandalwood
has been reported as anti-inflammatory drug and used traditionally to treat chronic inflammation
of bladder and pyelitis [47] (Figure 2.5).

2.8.3. Selection of Nymphaea x rubra Roxb. Ex Adnrews

Nymphaea x rubra Roxb. ex Andrews, with local name kumuda, is an aquatic perennial herb
belonging to family Nymphaeaceae. A recent study has found that, Nymphaea x rubra is a hybrid
produced by cross between N. lotus and N. pubescens as a parental species [48]. It grows on the

shores of lakes, rivers and water bodies.

Figure 2.6: Nymphaea rubra plant (https://pxhere.com/en/photo/652241)

The plant can grow to heights upto 6 to 7 feet in water and has green colored leaves
floating on water and pink colored flowers. The tubers are vertically covered with hairs. The
plant is naturally found in Asia and in India mainly in Odisha and West Bengal [49]. In the
traditional medicine system, various parts of Nympaea rubra has been reported to treat various

types of bleeding disorders [50].
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In addition to this, pulverized rhizomes mixed with honey have been used as therapeutic
agent for bleeding nose, piles, dysentery and as cardiotonic [51]. Pharmacologically, this whole
plant is known to have protective effect on various disorders viz., anthelmintic,
immunomodulation, insulin resistance, anti-hyperglycemic, anti-dyslipidemic, anti-inflammatory,

anti-pyretic, hepatoprotective and free radical scavenging activity [49, 52-54] (Figure 2.6).
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AIM AND OBJECTIVES
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3. OBECTIVES OF THE STUDY

The present work was designed to investigate:

Objective 1. Development of an animal model for acute hypobaric hypoxia-
induced alterations in fluid and electrolyte balance, CVL, and hypovolemia in

Sprague Dawley (SD) rats

Phase 1. Development of an animal model to study the effect of acute exposure to
hypobaric hypoxia on renal function and CVL in SD rats

Phase 2. To study the effect of dehydration on hematology, plasma volume and GFR
in SD rats

Phase 3. To study the effect of combined hypoxia dehydration (CHD) stress on renal

function, neuroinflammation, plasma volume, and hematology in SD rats

Objective 2. Phyto-prophylactics for the prevention of AMS

Phase 1. To study the effect of Terminalia arjuna bark extract on acute hypobaric
hypoxia-induced decrease GFR in SD rats

Phase 2. To study the effect of Santalum album heartwood extract on acute
hypobaric hypoxia-induced CVL and neuroinflammation in SD rats

Phase 3. To study the effect of Nymphaea rubra rhizome extract on dehydration-

induced increased RBC fragility in SD rats
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Objective 3. To study the prophylactic efficacy of poly-herbal formulation
comprising of Terminalia arjuna, Santalum album and Nymphaea rubra during

CHD stress in SD rats

26



MATERIAL AND METHODS

Material —

Methods \ \

~
‘/\/@V &

\))



RESULTS




RESULTS




5. RESULTS

5.1. Development of an animal model for acute hypobaric hypoxia-induced
alterations in fluid and electrolyte balance, CVL, and hypovolemia in SD

rats

5.1.1. Development of an animal model to study the effect of acute exposure to hypobaric
hypoxia on renal function and CVL in SD rats

a). Effect of acute exposure to hypobaric hypoxia on ANP concentration, GFR, and
aldosterone concentration during simulated hypobaric hypoxia exposure

Initially, at the altitudes of 10,000 and 15,000 ft. of acute hypobaric hypoxia, there was the
slight but non-significant increase in GFR was observed in hypoxic animals as compared to

the normal control animal. However, as the altitude increases, the decrease in GFR
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Figure 5.1: Graphs denoting mean +SD of a) glomerular filtration rate, b) atrial natriuretic peptide concentration
and c) aldosterone concentration in rat serum, following different hypobaric hypoxia viz., 10,000, 15,000,
20,000, 25,000 and 27,000 ft. exposure. * denotes p<0.05 when compared to Nor + Veh (1167 ft.) and # denotes
p<0.05 when compared to Hyp + Veh (25,000 ft.). GFR: Glomerular Filtration Rate, ANP: Atrial Natriuretic
Peptide, Nor: Normoxia, Hyp: Hypoxia, Veh: Vehicle
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was observed and significant decreased GFR was observed in animals exposed at the
altitude of 27,000 ft. as compared to the normal control animals (Figure 5.1. a).

ANP levels were found to significantly increased up-to the altitude of 15,000 ft. as
compared to the normal control animals. However, afterward, the ANP levels were found to
be significantly reduced as compared to the normal control animals. There was also
significantly low ANP levels in rat serum exposed at the altitude of 27,000 ft. as compared to
the normal control animals (Figure 5.1. b). However, on the contrary, the significant decrease
in aldosterone levels was observed up to the altitude of 15,000 ft., as compared to the normal
control animals. Serum aldosterone level significantly increased with the increase in high
altitude exposure (Figure 5.1. ¢).

b). Effect of acute exposure to hypobaric hypoxia on S100B levels, CVL and percentage
prevalence of CVL in rats.

With the increases in high altitude exposure, the serum S100B levels, CVL and percentage
prevalence of CVL was found to increase as exposure to simulated hypoxia increased. In
addition to this, a significant increase in serum S100B levels and CVL was observed at the
altitude of 25,000 and 27,000 ft. In addition to this, we observed a significant increase in
serum S100B levels and CVL was observed in animals exposed at the altitude of 27,000 ft. as
compared to the animals exposed at the altitude of 25,000 ft. (Figure 5.2. a and b).

Percentage prevalence of CVL was also found to increase with the increase in altitude
up to the altitude of 27,000 ft., unfortunately, none of the experimental animals were able to

survive at the altitude of 30,000 ft., (Figure 5.2. c).
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Figure 5.2: Graph denoting mean + SD of a) S100B conc., b) CVL (CVL) and c) %age prevalence of CVL
following different hypobaric hypoxia viz., 10,000, 15,000, 20,000, 25,000 and 27,000 ft. exposure. * denotes
p<0.05 when compared to Nor + Veh (1167 ft.) and # denotes p<0.05 when compared to Hyp + Veh (25,000
ft.). Nor: Normoxia, Hyp: Hypoxia, Veh: Vehicle; CVL: CVL

¢). Effect of acute exposure to hypobaric hypoxia on hematological parameters, plasma
volume and serum electrolytes in rats

Exposure to simulated high altitude of 27,000 ft. in animals did not showed any significant
difference in hematological parameters and plasma volume. However, hypoxia-exposed

animals showed the significant increase in serum Na" levels and decrease in serum K levels,

as compared to the normal control animals (Table 5.1).
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Table 5.1: Denoting effect of acute exposure to hypobaric hypoxia on haematology and serum electrolytes in
rats. Nor: Normoxia; Hyp: Hypoxia. * denotes p<0.05 when compared to Nor (1167 ft.). RBC: Red blood cells;
PCV: Packed cell volume; MCH: Mean corpuscular hemoglobin; MCHC: Mean corpuscular hemoglobin

concentration

Parameters Nor (1167 ft.) Hyp (27000 ft.)
RBC’s (10°/ mm®) 7.88 +0.31 8.31+0.33
Hemoglobin (g/dl) 14.8 +0.27 16.5+0.24
PCV (%age) 40.67 £0.76 42.32 +1.82
MCV (fl) 51.4+1.20 49.32 + 2.11
Plasma Volume (ml/100g) 9.044+0.47 9.217+0.31
Sodium (mmol/ltr) 127.1£6.45 137.943.08*
Potassium (mmol/Itr) 5.087+0.60 4.532+0.56*

5.1.2. Effect of dehydration on hematological parameters, plasma volume and serum
electrolytes in rats

Exposure to dehydration results in significant increase in RBC’s number, hemoglobin
concentration and PCV as compared to the normal control animals. However, no significant
difference in mean corpuscular hemoglobin and mean corpuscular hemoglobin concentration
was observed in dehydrated animals as compared with normal control animals. Significant
decreased in plasma volume, body weight and GFR levels were observed in dehydrated

animals as compared with normal control animals (Table 5.2).
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Table 5.2. Table denoting effect of dehydration on haematology, plasma volume, body weight and glomerular
filtration rate in rats. * vs NC. NC: Normal control animals; DC: Dehydration control animals; RBC: Red blood
cells; PCV: Packed cell volume; MCH: Mean corpuscular hemoglobin; MCHC: Mean corpuscular hemoglobin

concentration; GFR: Glomerular filtration rate

Parameters NC DC

RBC’s (10% mm®) 8.02+£0.31 8.95 +£0.03*
Hemoglobin (g/dl) 14.47 £1.04 17.23 £ 0.9%
PCV (%age) 43.12+2.64 48.97 +2.33%
MCH (pg) 18.73 £0.86 18.87+0.7
MCHC (g/dl) 36.73 £ 1.62 37.70 £ 1.04
Plasma Volume (ml/100 g) 9.044 £0.47 8.31+£0.35%
Body weight (g) 230.0+£ 14.14 198.5 £12.02*
GFR (ml/min) 2.988 £ 0.694 1.379 £0.348*

5.1.3. To study the effect of combined hypoxia and dehydration (CHD) exposure on
renal function, neuro-inflammation, plasma volume and hematology in SD rats

In this study when animals were exposed to CHD, significantly increased S100B serum
concentration and significantly decreased GFR as compared to normal control animals were
observed. Increased levels of PCV and decreased levels of plasma volume were observed in
the animals exposed CHD as compared with normal control animals. However, we did not
observed any change in the hematological parameters, when the animals were exposed to

acute hypobaric hypoxia for 12 hrs. When animals were dehydrated for 72 hrs,
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Table 5.3. Table denoting effect of hypobaric hypoxia on plasma volume, glomerular filtration rate, serum
S100B concentration and haematology in rats. *Vs Nor (1167ft.). Nor: Normoxia; Hyp: Hypoxia; RBC: Red
blood cells; PCV: Packed cell volume; GFR: Glomerular filtration rate

Parameters Nor (1, 167 ft.) Hyp (17, 688 ft.)
Plasma Volume (ml/100 g)  9.044 £0.47 6.71+0.25*

GFR (ml/min) 3.2040.80 0.50+0.21*
S100B (ng/ug) 14.23+3.21 36.3444.67*
RBC (10° mm®) 6.7 +1.61 8.57 +2.03*
Haemoglobin (g/dl) 13.93 £4.16 18.7+4.91

PCV (%age) 40.6 £9.69 51.6 £11.1*

we have observed increased PCV, decreased plasma volume and decreased GFR. But,
when we exposed the animals to CHD stress, we have seen the additive effect of dehydration

on acute hypobaric hypoxia (Table 5.3).
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5.2. Phyto-prophylactics for the prevention of AMS

5.2.1. To study the effect of 7. arjuna bark extract on acute hypobaric hypoxia-induced
decrease GFR in SD rats

a). Phytochemical fingerprinting of T. arjuna bark extract

Phytochemical fingerprinting by RP-HPLC analysis reveals the presence of arjunolic acid,
gallic acid, and catechin in the hydro-alcoholic extract by comparing the retention time of

standards with the extract (Figure 5.3).

Gallic Agunolic

Catechin Acid

Figure 5.3: Representative HPLC-chromatogram indicating presence of Gallic acid, Catechin and Arjunolic acid

with other compounds in hydro- alcoholic T. arjuna bark extract.
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b). Effect of acute and sub-acute administration of T. arjuna bark extract

Acute and sub-acute toxicity studies were conducted according to OECD guidelines. No
mortality was observed at the dose of 2,000 mg/kg of b.w. However, there was an increase in
urine output during initial six hours of extract administration. Anatomical and histological
examination revealed no adverse effect on vital organs viz., brain, lungs, kidneys, spleen,

liver, and heart (Figure 5.4).

Figure 5.4: Histopathological studies for sub-acute toxicity of 7. arjuna bark extract at dose of 2000mg/kg b.w.
Panels showing representative histological sections of different organs of rats viz., a) Brain. Arrow denotes CA3
neurons. b) Lungs. Arrows denote bronchioles (BCL) ¢) Kidney. Arrows denote proximal tubules (PT) and
glomerulus (GL) d) Spleen. Arrows denote red pulp (RP) and arteries (A) e) Liver. Arrows denote hepatocytes
(HC), hepatic vein (HV) and bile duct (BD) f) Heart. Arrow denotes cardiac muscles (CM) and connective tissue
(CT). Scale bar-100 pm.
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¢). Dose optimization for diuretic effect of Terminalia arjuna bark extract

Administration of hydro-alcoholic extract of 7. arjuna to normoxic rats at doses of 100 mg/kg
b.w. and above resulted in a dose-dependent increase in ANP concentration in the serum.
However, no significant difference in ANP concentration was observed between animals
administered with 150, 200 and 250 mg/kg b.w. of T. arjuna extract. Hence, the optimal dose
for the hydro-alcoholic extract of 7. arjuna was determined to be 150 mg/kg b.w., which was
used for further experimentation. In addition to elevated ANP concentration, we also observed
an increase in GFR urine volume in normoxic rats administered with 7. arjuna extract at

doses above 150mg/kg b.w. (Figure 5.5).
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Figure 5.5: Graphs denoting mean £SD of a) glomerular filtration rate, b) urine volume and c) atrial natriuretic
peptide levels in rats following administration of hydro-alcoholic extract of 7. arjuna in different doses viz., 100
mg/kg, 150 mg/kg, 200 mg/kg and 250 mg/kg of body weight to normoxic animals. * denotes p<0.05 when
compared to Nor + Veh and # denotes p<0.05 when compared to Nor +TA (100 mg/kg). ANP: Atrial Natriuretic
Peptide, GFR: Glomerular Filtration Rate, Nor: Normoxia, Veh: Vehicle, TA: Terminalia arjuna

56



d). Effect of T. arjuna bark extract administration on urine volume, CVL and serum
electrolytes in rats

Exposure to hypobaric hypoxia simulated an altitude of 27,000 ft. for the duration of 12 hours
resulted in CVL in 86% of vehicle-treated animals. Administration of hydro-alcoholic extract

of T. arjuna at the dose of 150 mg/kg b.w. 30 minutes prior to exposure to hypobaric hypoxia
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Figure 5.6: Graphs denoting mean +SD of a)) CVL, b) urine volume, c¢) serum potassium levels and d) serum
sodium levels in rats following administration of hydro-alcoholic extract of 7. arjuna (150 mg/kg) to hypoxic
animals. * denotes p<0.05 when compared to Nor + Veh and # denotes p<0.05 when compared to Hyp +Veh.

Nor: Normoxia, Hyp: Hypoxia, TA: Terminalia arjuna

resulted in the prevention of CVL on exposure to simulated altitude of 27,000 ft.
While exposure to hypobaric hypoxia resulted in significant decrease in urine volume in
vehicle-treated group, administration of 7. arjuna extract 30 min. prior to hypobaric hypoxia

exposure maintained urine volume close to normoxic rats. In addition to maintenance of urine
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volume, 7. arjuna bark extract also ameliorated hypobaric hypoxia-induced decrease in serum
potassium and increase in serum sodium, which was observed in vehicle-treated hypoxic
animals (Figure 5.6).

e). Effect of T. arjuna bark extract administration on Renin-angiotensin-aldosterone
system and arterial natriuretic peptide levels in rats

The plasma half-life of **™Tc provides an indirect measure of GFR. Nonlinear regression
analysis for the half-life of *™Tc showed that acute exposure to hypobaric hypoxia simulating
the altitude of 27,000 ft. resulted in a significant increase in plasma half-life of PmTC as
compared to normoxic vehicle-treated animals. Administration of 7. arjuna bark extract prior
to hypoxic exposure did not alter total protein concentration in the serum but decreased

plasma half-life of *™

Tc. T. arjuna induced increase in GFR attenuated by administration of
ANP-receptor antagonist-anantin. Exposure to hypobaric hypoxia also resulted in increased
serum renin, angiotensin-II and aldosterone concentration in vehicle-treated hypoxic groups,
which was ameliorated by the administration of 7. arjuna bark extract prior to hypoxic
exposure. 7. arjuna extract, co-administrated with anantin to hypoxic animals, failed to
reduce renin, angiotensin-II and aldosterone concentration in the serum indicating ANP

mediated regulation of RAAS system resulting in increased GFR in 7. arjuna administered

hypoxic animals (Figure 5.7).
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Figure 5.7: Graphs denoting mean +SD of a) ) plasma half-life of Tc-99m, b) total protein concentration, c)
glomerular filtration rate, d) serum renin concentration e) serum angiotension-II concentration and f) serum
aldosterone concentration g) atrial natriuretic peptide concentration in rats following administration of hydro-
alcoholic extract of T. arjuna (150 mg/kg) to hypoxic animals. *denotes p<0.05 vs. when compared to Nor +
Veh, # denotes p<0.05 when compared to Hyp +Veh and $ denotes p<0.05 when compared to Hyp +TA. GFR:
Glomerular Filtration Rate, ANP: Atrial Natriuretic Peptide, Nor: Normoxia, Hyp: Hypoxia, TA: Terminalia
arjuna, ANPi: ANP Inhibitor (Anantin)
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5.2.2. To study the effect of Santalum album heartwood bark extract on acute hypobric
hypoxia-induced CVL and neuro-inflammation in SD rats

a). Effect of acute and sub-acute administration of SAE on rats

Acute and sub-acute toxicity studies showed no sign of toxicity and mortality at the doses 300
and 2000 mg/kg as compared to normal control animals. Histological staining with
hematoxylin and eosin of vital organs viz., brain, lungs, kidneys, spleen, liver, and heart has
shown no sign of toxicity to animals treated with SAE as compared to normal control animals

(Figure 5.8).

Figure 5.8: Histopathological studies for sub-acute toxicity of SAE at dose of 2000mg/kg b.w. Panels showing
representative histological sections of different organs of rats viz., a) Brain. Arrow denotes DG neurons. b)
Lungs. Arrows denote bronchioles (BCL) ¢) Kidney. Arrows denote glomerulus (GL) d) Spleen. Arrows denote
red pulp (RP) e) Liver. Arrows denote hepatic vein (HV) and bile duct (BD) f) Heart. Arrow denotes cardiac
muscles (CM). Scale bar-100 pm. SAE: S. album extract.
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b). Dose optimization of SAE and effect of S100B protein in acute hypobaric hypoxia-
induced neuro-inflammation and CVL in rats
The optimal dose for SAE was determined to be 150 mg/kg b.w., based on hippocampal 1L-6

levels and CVL during hypoxia and this dose was used for further experimentation (Figure

5.9).
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Figure 5.9: Graph denoting mean +SD of percentage change in IL-6 levels of acute hypoxic animals treated with
75, 150 and 300 mg/kg of FSAE. * denotes p<0.05 when compared to Nor + Veh (1167 ft.) and # denotes
p<0.05 when compared to Hyp + Veh. Nor: Normoxia, Hyp: Hypoxia, Veh: Vehicle; SA: Fractionated S. album

extract

In the present study, acute exposure to hypobaric hypoxia had been found in increase
expression of the S100B protein in the hippocampus as compared to normal control animals.
However, treatment of hypoxic animals with NF-kB blocker and RAGE blocker was found

not to alter the expression of S100B protein expression in rat brain hippocampus. In addition
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to this, administration of SAE to hypoxic animals was not found to alter the expression of the

S100B protein in rat brain hippocampus (Figure 5.10).
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Figure 5.10: Graph denoting mean +SD of a) %age change in hippocampus S100B levels, b) Representative
western blots of RAGE, p-NFkB-p65 and B-actin in total hippocampal lysates., ¢) %age change in expression
of RAGE recpetor, d) %age change in expression of p-NF-«kB-p65, e) %age change in expression of f-actin and
f) %age change in IL-6 levels in total hippocampal lysate. * denotes p<0.05 when compared to Nor + Veh (1167
ft.) , # denotes p<0.05 when compared to Hyp + Veh. and $ denotes p<0.05 when compared to Hyp+NFkBi.
Hyp + Veh. Nor: Normoxia, Hyp: Hypoxia, Veh: Vehicle; SA: Fractionated S. album extract

In the present study, none of the experimental groups showed the significant change in
the expression of RAGE receptor in rat brain hippocampus. Phosphorylated NF-xB
expression was found to significantly increase in hypoxic animals as compared to normal
control animals. However, treatment of animals with RAGE blocker and FSAE treatment

significantly reduces the expression of phosphorylated NF-«B as compared to hypoxic
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animals. No significant difference in expression of phosphorylated NF-«kB was observed in
animals treated with the inhibitor of NF-xB as compared to hypoxic animals. Acute exposure
to hypobaric hypoxia was found to increase the levels of pro-inflammatory cytokine IL-6 in
rat brain hippocampus as compared to normal control animals. However, treatment of hypoxic
animals with inhibitors RAGE and NF-«B significantly attenuates acute hypobaric hypoxia-
induced increased pro-inflammatory cytokines expressions in rat brain hippocampus as
compared to hypoxic control animals (Figure 5.10).

¢). In-silico interaction studies of a-santalol present predominantly in FSAE binds with
RAGE receptor

Molecular docking studies of a-santalol and evaluation of inter-molecular interactions in

terms of docking scores were done with respect to reference ligand named

Table 5.4: Describes 5 best docking pose of a-santalol with RAGE receptors on the basis of D-score (Docking

score).
Poses D-score No. of residues Hydrophobic %oage similarity
External I 10 LYS42N, ASP65N, —
Ligand TYRI55N, GLUI53N,
TYR62N, ASP14N,
LYSISN, GLUIIN,
GLU44N, ARG66N
LP7 -35.431 4 LYS42N, ASP4IN, 40
TYRI55N, GLU153N
LP3 -35.218 4 LYS42N, ASP4IN 40

TYRI155N, GLUI153N, 40
LPS -37.425 4 LYS42N, ASP4IN
TYRI155N, GLU153N

LP10 -36.475 3 LYS42N, ASP4IN, 30
GLUIS3N
LP4 -36.436 4 LYS42N, ASP4IN, 40

TYRI155N, GLUIS3N
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as Maltotriose using Vlife MDS 4.4 Biopredicta module Residues present in RAGE
viz., Lys42N, Asp41N, Tyr155N and Glul53N are responsible for hydrophobic interactions
(Table 5.4). Studies reveal that, LP7 pose of the predominant molecule binds deeply and
shows 40% of similarity with external ligand with RAGE receptor. The residues responsible
for hydrophobic interactions are Lys42N, Asp41N, Tyr155N and Glul53N as depicted in the

2D plot (Figure 5.11).
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Figure 5.11: In-silico interaction study of a-santalol with RAGE receptors. a) In 3D model blue dotted line
showing hydrophobic interaction of a-santalol with RAGE receptors protein in respective amino acid sequence
LYS42N, ASP41IN, TYR155N and GLU153N. b) and ¢) Ribbon and 2-D model showing the interaction of a-
santalol with RAGE receptors.

d). Effect of FSAE on expression of pNF-kB-p65 dependent levels of brain pro-
inflammatory cytokines and CVL during acute hypobaric hypoxia

Acute exposure to hypobaric hypoxia was found to significantly increase the levels of
phosphorylated NF-kB levels in rat brain hippocampus lysate as compared to normal control

animals. While administration of SAE to hypoxic animals decrease phosphorylated NF-xB
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expression as compared to hypoxic control animals. However, no significant difference in any

of experimental groups in RAGE expression was observed (Figure 5.12).
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Figure 5.12: a) Representative western blots of RAGE, p-NF-kB-p65 and B-actin in total hippocampal lysates,
Graph denoting mean +SD of b), %age change in expression of RAGE recpetor c) %age change in expression of
p-NFkB-p65 and d) %age change in expression of B-actin in rat following administration of FSAE (150 mg/kg)
to hypoxic animals. * denotes p<0.05 when compared to Nor + Veh (1167 ft.), # denotes p<0.05 when
compared to Hyp + Veh. Hyp + Veh. Nor: Normoxia, Hyp: Hypoxia, Veh: Vehicle; SA: Fractionated S. album

extract.

While, administration of SAE to hypoxic animals, it significantly attenuated acute
hypoxia-induced increased level of pro-inflammatory cytokines viz., IL-6, IL-1B, TNFa
levels, CVL and the S100B levels in rat serum as compared to hypoxic control animals

(Figure 5.13).
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Figure 5.13: Graph denoting mean + SD of a) %age change in IL-6 levels, b) %age change in IL-1 [ levels c)
%age change in TNF-a levels d) %age change in CVL and d) %age change in S100B levels in rat following
administration of FSAE (150 mg/kg) to hypoxic animals. *denotes p<0.05 vs. when compared to Nor + Veh, #
denotes p<0.05 when compared to Hyp +Veh. Nor: Normoxia; Hyp: Hypoxia; Veh: Vehicle; SA: Fractionated S.

album extract; IL: Interleukin; TNF: Tumor nacrosis factor
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5.2.3. To study the effect of Nymphaea rubra on dehydration induced increased RBC
fragility in SD rats

a). Phytochemical fingerprinting of alcoholic N. rubra rhizome extract

RP-HPLC analysis of extract reveals the presence of phenolic compounds viz., rutin, caffic
acid, and quercetin as inferred from comparison of the retention time of standard compounds

with the extract (Figure 5.14).
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Figure 5.14: Representative chromatogram of methanolic N. rubra rhizome bark extract indicating presence of

rutin, caffic acid and quercetin with other un-identified compounds.

b). Effect of acute and sub-acute administration of N. rubra rhizome extract

Acute and sub-acute toxicity studies showed no sign of toxicity and mortality at the doses 300
and 2000 mg/kg as compared to normal control animals. Histological staining with
hematoxylin and eosin of vital organs viz., brain, lungs, kidneys, spleen, liver, and heart has
shown no sign of toxicity to animals treated with N. rubra as compared to normal control

animals (Figure 5.15).
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Figure 5.15: Histological studies of sub-acute regulatory toxicity studies of N. rubra extract at the dose of 2000
mg/kg b.w. Panels representing histological sections of different organs of rats viz., a) Brain, arrow denote CA3
region of hippocampus, b) Kidney, arrows denote proximal tubules (PT) and glomerulus (GL), c¢) Lungs, arrows
denote bronchioles (BCL), d) Liver, arrows denote hepatocytes (HT), hepatic vein (HV) and bile duct (BD), e)
Spleen, arrows denote red pulp (RP) and arteries (A), and f) Heart, arrows denote cardiac muscle (CM) and

connective tissues (CT). Scale bar- 100 pm.

¢). Dose optimization and effect of N. rubra rhizome extract on dehydration induced

alterations in hematological parameters and RBC fragility in rats

Exposure to dehydration results in significant increase in RBC fragility in rats. When animals
were treated with extract, we observed significant decrease in RBC fragility during
dehydration stress. But no significant difference in RBC fragility was observed when animals
treated at the dose of 200 and 400 mg/kg of extract. Hence, the optimized dose for preventing
dehydration induced increased RBC fragility was found to be 200 mg/kg of N. rubra rhizome

extract (Figure 5.16).
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Exposure to dehydration results in increased RBC, PCV, and Hb in rats.
Administration of N. rubra rhizome extract during dehydration did not decrease the
dehydration-induced increased PCV and Hb. No significant difference in MCH and MCHC
was observed between control drug-treated and dehydrated animals (Figure 5.17 a). Exposure
to dehydration results in a significant increase in osmotic fragility of RBC in rats when
compared with normal control animals. Administration of N. rubra rhizome extract

significantly attenuates the dehydration-induced increase in RBC fragility in rats (Figure 5.17

b and Figure 5.18).
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Figure 5.16: Figure representing a) dot blot histogram of RBC fragility and b) figure denoting mean +SD of
FSC following administration of N. rubra rhizome extract at the doses of 100, 200 and 400 mg/kg. Where NC
represents normal control animals, NC+NRE represents normal control animals treated with N. rubra rhizome
extract, DC represents dehydration control animals, DC+NRE represents dehydration control animals treated

with extract and FSC represents forward scattering.
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NC NC+NRE DC DC+NRE
RBC (x10°% pl) 8.02- 0.58  8.25+0.33 8.954£0.08%  8.97+0.11%
PCV (%0 age) 4312+ 2.64  43.30+2.68 48.97+2.33% 49.45+3.72*
Hb (g/dl) 14.47+ 1.04  14.23+0.55 17.23+0.9%  17.73+1.4*
MCH (pg) 18.73+- 0.86  18.70+ 0.53 18.87+0.7 19.90-0.53
MCHC (g/dl) 36.73£1.62  36.57+ 1.04 37.70:1.04  37.50+1.08
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Figure 5.17: Tables denoting mean £SD of a) effect of N. rubra extract treatment on hematology in rats and b)
Figure representing effect of N. rubra treatment on RBC fragility in rats. Where NC represents normal control
animals, NC+NRE represents normal control animals treated with N. rubra rhizome extract, DC represents
dehydration control animals and DC+NRE represents dehydration control animals treated with extract. Note: *
vs. NC; # vs DC; $ vs NC+NRE. Where NC represents normal control animals, NC+NRE represents normal
control animals treated with N. rubra rhizome extract, DC represents dehydration control animals, DC+NRE
represents dehydration control animals treated with extract, FSC represents forward scattering and SSC

representing side scattering.
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Figure 5.18. Figure representing a) dot blot histogram of RBC fragility and b) figure denoting mean +SD of FSC
and c) SSC following administration of N. rubra rhizome extract at the doses of 100, 200 and 400 mg/kg. Where
NC represents normal control animals, NC+NRE represents normal control animals treated with N. rubra
rhizome extract, DC represents dehydration control animals, DC+NRE represents dehydration control animals

treated with extract, FSC represents forward scattering and SSC representing side scattering.
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5.3. To study the prophylactic efficacy of poly-herbal formulation
comprising of Terminalia Arjuna, Santalum album, and Nymphaea rubra

during CHD stress

5.3.1. Preparation of poly-herbal formulation

For the composition optimization, poly-herbal formulation, it was mixed in eight different
proportions in order to optimize the composition of the poly-herbal formulation. When the
animals were treated with 1:1:1 proportion of 7. arjuna, S. album and N. rubra, there was
significant increase in GFR and the significant increase in RBC fragility and brain
hippocampal IL-6 levels was observed in poly-herbal formulation treated animals as
compared with CHD control animals. However, when we reduced the proportion of N. rubra
in poly-herbal formulation to 0.5, the increased RBC fragility was found to be attenuated in
the same manner when the composition of N. rubra in poly-herbal formulation was 1. Same
results were observed with respect to attenuation of increased RBC fragility when the
composition of N. rubra was reduced to 0.25. So, the proportion of N. rubra in poly-herbal
formulation was fixed to 0.25.

When we increased the proportions of 7. arjuna to 2, the diuresis was found to
increase but the effect of poly-herbal formulation on CHD stress-induced increased IL-6
levels were compromised, same effect on GFR was observed when the composition of 7.
arjuna was increased to 2. So, the final optimized composition was found to be 1:1:0.25 for T.

arjuna, S. album and N. rubra (Table 5.5).
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Table 5.5: Table denoting composition optimization of 7. arjuna, N. rubra and S. album
GFR: Glomerular Filtration Rate; RBC: Red Blood Cells; IL-6: Interleukin-6; CHD: Combined hypobaria and
dehydration model; N: Normal Control Animals; T: Treated with various composition of poly-herbal

formulation

Compo | Y%age change in GFR % age change in RBC % age change in
sition rate fragility hippocampal IL-6 levels
(T.
arjuna:
N.
rubra:

S. N| CH | N+ | CHD+ N| CH | N+ | CHD+ N| CH | N+ | CHD+
album) D T T D T T D T T

1:1:1 100 | 50 | 251 | 115 100 | 313 | 98+ | 186 100 | 284 | 98 | 182
12 | 20 | £10 | £12 08 | £13 | 06 | 11 06 | £16 | *1 | x11

1:0.5:1 || 100 | 50 | 246 | 118 100 | 313 | 96+ | 182 100 | 284 | 96 | 184
12 | x0 | *12 | #10 +08 | +13 | 08 | *14 06 | *16 | +1 | #10

9 2
1:0.25: || 100 | 50 | 254 | 116 100 | 313 | 98+ | 180 100 | 284 | 98 | 186
1 12 | x0 | 13 | £11 08 | #13 | 09 | *12 +06 | *16 | +0 | *13
9 8

2:1:1 100 | 50 | 300 | 180 100 | 313 | 102 | 181 100 | 284 | 96 | 180
12 | x0 | £12 | 209 08 | +13 | 09 | #13 06 | x16 | £1 | £11

1:1:2 100 | 50 | 246 | 110 100 | 313 | 96+ | 182 100 | 284 |94 | 160
+12 | 20 | £14 | +08 08 | #13 | 10 | +14 06 | x16 | 0 | =09

1:2:2 100 | 50 | 240 | 109 100 | 313 | 92+ | 178 100 | 284 |92 | 158
12 | +0 | £12 | 08 08 | #13 |09 | 11 06 | *16 | 0 | £12

2:2:1 100 | 50 | 312 | 176 100 | 313 | 90+ | 176 100 | 284 |98 | 192
12 | +0 | £09 | #13 08 | #13 | 12 | #12 06 | x16 | +1 | +14

2:1:2 100 | 50+ | 310 | 17 100 | 313 | 93+ | 182 100 | 284 |90 | 162
#12 | 09 | £10 | 8+ 08 | #13 | 09 | +08 06 | x16 | £1 | 09

5.3.2. Dose optimization and efficacy evaluation of poly-herbal formulation in CHD
model
CHD animals treated with the normal saline solution, there was the significant increase in

CVL was observed as compared to normal control animals. When the CHD animals were
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treated with 150 and 300 mg/kg of poly-herbal formulation, there was no significant
difference in CVL was observed as compared to CHD control animals. However, treatment
with 600 mg/kg of the poly-herbal formulation to CHD animals, there was the significant
decrease in CVL levels were observed as compared to CHD control animals. At the doses of
600 and 900 mg/kg, there was no significant difference in CVL levels was observed, but these
animals were significant to CHD control animals in terms of changes in CVL levels. So, the
optimized dose of the poly-herbal formulation was found to be 600 mg/kg of body weight

(Figure 5.19).

Change in CVL

Figure 5.19: Graphs denoting mean £SD of change in CVL during treatment with PHF at the dose of 150, 300,
600, 900 and 1200 mg/kg, p.o. * denotes p<0.05 when compared to Nor + Sal and # denotes p<0.05 when
compared to CHD+PHF (300 mg/kg). PHF: Poly-herbal formulation; Sal: Saline; Nor: Normal; CVL: CVL;
CHD: Combined hypoxia and dehydration.
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5.3.3. Toxicological evaluation of poly-herbal formulation

Acute and sub-acute toxicity studies were conducted according to OECD guidelines. No
mortality was observed at dose of 2,000 mg/kg of b.w. Anatomical and hislogical examination
revealed no adverse effect on vital organs viz., brain, lungs, kidneys, spleen, liver and heart

(Figure 5.20).

Control

Figure 5.20: Histological studies of sub-acute regulatory toxicity studies of poly-herbal formulation at the dose
of 2000 mg/kg b.w. Panels representing histological sections of different organs of rats viz., a) Brain, arrow
denote CA3 region of hippocampus, b) Lungs, arrows denote bronchioles (BCL), ¢) Kidney, arrows denote
glomerulus (GL), d) spleen, arrows denote red pulp e) Liver, arrows denote bile duct (BD) and f)) Heart, arrows

denote cardiac muscle (CM). Scale bar- 100 pm.

5.3.4. Minimal optimal dose determination and efficacy evaluation in humans
The human equivalent dose as described in material and methods sectioned was found to be

97 mg/kg of body weight for humans.

75



DISCUSSION




6. DISCUSSION

6.1. Development of animal model to study the effect of acute hypobaric hypoxia on GFR,
fluid and electrolyte imbalance, neuro-inflammation, CVL and RBC fragility in rats
The world's toughest, coldest, highest and bravest battle is being fought on Siachen Glacier for
over the last 25 years. This is the most glaciated area outside the polar region comprising 22
glaciers. Troop deployment on the forward locations is from 18,000 ft. to 21,000 ft.
Acute mountain sickness (AMS) have been seen widely reported in the troops at these locations
and these symptoms may be fatal if not treated timely. However, due to absence of animal model
for AMS, pre-clinical research on therapeutic and prophylactic potential of pharmaceutical and
bio-active compounds against AMS is sparse. The patho-physiological markers associated with
AMS also remain to be conclusively identified. We hypothesized on a combined role of acute
hypobaric hypoxia and dehydration on glomerular filtration rate (GFR), fluid and electrolyte
balance, neuro-inflammation, cerebral vascular leakage (CVL) and red blood cells (RBC)
fragility in rats which could result in symptoms of AMS. In the present study, three experimental
approaches were used. In the first experimental approach, animals simulated at different altitudes
and the effect of acute hypobaric hypoxia on GFR, fluid and electrolyte balance, neuro-
inflammation and CVL was studied. In the second set of experiment, the animals were exposed to
dehydration and the effect of dehydration on hematological parameters, GFR, and RBC fragility
was studied. In the last set of experiments, the combined effect of dehydration and acute
hypobaric hypoxia on GFR, fluid and electrolyte balance, neuro-inflammation, CVL and RBC
fragility was studied.

Exposure to hypoxia has been previously found to cause an alteration in fluid and
electrolyte balance [3, 127]. Interestingly with the onset of AMS, the renal activity switches from
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net loss to gain of fluid [4]. The exact molecular mechanism pertaining to altered renal responses
in AMS positive patients during hypobaric hypoxia is not clear. This could be due to the burst
release of hormones responsible for anti-diuresis which may be triggered by nervous system
during hypoxia [4]. Previous reports suggest that, acute exposure to hypobaric hypoxia increases
sympathetic drive in AMS patients resulting in up-regulation of circulating rennin-angiotensin-
aldosterone system (RAAS) [1, 2].

Over-expressed circulatory RAAS has been implicated in various cardiovascular
and renal diseases by collective effect on kidneys, heart and blood vessels [3]. RAAS augmented
flow of flow determined the GFR and electrolytic balance. Under, both, physiological and
pathological conditions, RAAS directly reported to control GFR [128-129]. Under patho-logical
conditions, over-expressed RAAS play a major role in controlling GFR in negative manners [5,
130-131]. Over-expressed RAAS was suggested to alter balance of renal medullary oxygen
demand and supply during chronic exposure to hypoxia in some subjects [132]. Altered balance
between demand and supply of oxygen to renal medulla has been found to cause altered renal
blood flow [133]. As earlier suggested my many published studies [134-135], blocking any of the
component associated with RAAS can be use as a therapeutic strategies for treating disorders
associated with acute as well as chronic renal diseases. During our studies, we have observed

circulatory over-expressed RAAS augmented decrease GFR and half-life of *™

Tc in rats exposed
to 27,000 ft. of high altitude (Figure 5.1 and 5.2). The predicted half-life of **™Tc has been
clinically used to diagnostics of renal disease [136-138]. Atrial natriuretic peptide (ANP), a flight
and fight peptide hormone, synthesized in atria has gained its attention for its properties in

controlling renal flow and electrolytic balance possibly by blocking the over-expressed

circulatory RAAS [139]. Interestingly, clinically, in sojourns travels to high mountains, ANP
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level was found to low in AMS positive subjects and ANP levels was found to be high in AMS
negative sojourns [141]. We have done studies and found interesting results about the correlation
of GFR with ANP and circulatory RAAS. Acute simulated exposure to animals at the altitude of
27,000, the animals with low level of ANP and with over-expressed circulatory RAAS were
associated with decreased GFR and altered electrolytic balance (Figure 5.1 and Table 5.1). In
addition to over-expressed circulatory RAAS, decrease circulatory ANP could be additively
working to alter GFR and electrolytic balance.

High metabolic rate and restricted glucose storage capacity of brain demands accurately
auto-regulated blood flow to the brain in order to maintain constant supply of nutrients and
oxygen [92]. In has been reported that, altered oxygen supply to brain, changes in partial pressure
of carbon dioxide, mean arterial pressure and autonomic nervous system majorly regulate
cerebral blood flow [92-93]. Acute exposure to hypobaric hypoxia results in decreased blood
supply to the brain and hyperventilation-induced excessive accumulation of carbon dioxide could
be working synergistically in controlling cerebral blood flow at high altitude [9, 93]. In order to
compensate for decreased cerebral blood flow, vascular resistance has been found to significantly
reduce in small arteries and arterioles to facilitate gaseous exchange [10]. Increase cerebral blood
flow and vasodilatation in arteries and arterioles causes augmented brain volume and intracranial
pressure in brain [94]. Augmented cerebral blood flow and vasodilatation may overcome
capillary vasoconstriction, boost blood-brain barrier (BBB) permeability that finally resulting in
CVL [12]. Finally results in augmented CVL referred to as ‘tight fit hypotheses of symptoms
associated with AMS [95-96]. BBB, formed by the brain endothelial cells, dominantly maintain
the electrolytic balance of brain by regulating the flux of fluid and substances between the

systemic circulation and brain microenvironment. At the same time BBB protect the brain from
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harmful xenobiotics that may cause damage to neuronal and non-neuronal cells present in brain
microenvironment [12-13]. Acute exposure to hypobaric hypoxia has been well reported to cause
disruption of BBB permeability and is associated with increased CVL [15].

Hypobaric hypoxia-mediated increased neuro-inflammation has been reported to play a
key role in acute hypobaric hypoxia-induced altered BBB permeability [12]. Under physiological
conditions, homeostasis between pro- and anti-inflammatory cytokines play a pivotal role in
maintaining the immune responses in the body [16]. During physiological conditions, there was a
balance maintained between inflammatory cytokines that control the neuronal immunological
responses [16, 17]. However, under patho-physiological conditions, dys-regulation of
homeostasis between cytokines leads to neuro-inflammation and disruption of the BBB [17]. 21
different types of S100 class of proteins has been reported in the literature and considered as
damage-associated molecular patterns (DAMPs) [19]. The major function of S100 class of
proteins is Ca** sensing and once activated they may interact with other proteins resulting in
regulation of target proteins activity. S100B one of the firstly identified S100 class of protein, has
been reported to be secreted by astrocytes [20]. Secreted S100B protein may exert regulatory
activities through intra- and extracellular signals and has been considered as specific marker of
brain injury [21-22]. More specifically elevated serum S100B has been considered as a marker of
neuro-inflammation associated with acute and chronic injury [23]. High serum S100B protein
levels have been found in subjects exposed to acute hypobaric hypoxia with symptoms of AMS
[24]. In the same line, in the present study, we have found altitude dependent increase in serum
S100B levels could be an indicator of hypobaric hypoxia-induced neuro-inflammation and
resulting in BBB disruption and CVL (Figure 5.2). Extra- and intra-cellular fluid balance was

found to being regulated by electrolytes movement across the cellular membrane. Majorly the
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movement of two pivotal ions Na* and K" decide the fate of cellular fluid movement [142]. Even
re-absorption of above mentioned electrolytes has also been principally implicated in deciding
the fate of body fluid [3]. As discussed earlier over-expressed circulatory RAAS could be the
player behind altered electrolytic balance and fluid balance. Principally, aldosterone, a
component of RAAS has an impact on controlling re-absorption of Na*, K" and water [143-145].
In the present study during simulated altitude (27,000 ft.) resulted in increased circulatory
aldosterone levels in rat serum that finally causing excessive Na* re-absorption and K* excretion
(Figure 5.6). However, increased BBB permeability-mediated increased CVL and Na* deposition
not directly correlated. But, circulatory Na* deposition mediated excessive deposition of fluid
could be associated with increased intra-cranial pressure. Increased intra-cranial could finally
lead to BBB disruption and CVL.

Exposure to high altitude has been found to decrease plasma volume and has been
positively correlated with the symptoms of AMS [97]. The mechanism behind high altitude
induced dehydration and hypovolemia is not clear. It could be due to the cold environment at
high altitude that leads to excessive diuresis and poor availability of water [97-98]. Low humidity
at high altitude could be another contributing factor for dehydration [89]. Water is an essential
nutrient and water deprivation for only 2% can result in impaired physical and performance [27].
Dehydration referred to as state of deficiency in body water, which may be due to the excessive
loss of body water and/or inadequate intake of water resulting in hypo-hydration in organs and
tissues [28]. The decrease in the plasma volume, increased pack cell volume, decreased body
weight and GFR is a clear indicator of dehydration [123]. In the present study, decreased plasma

volume and increased pack cell volume, GFR, and increased RBC fragility observed in
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dehydrated animals as compared with the normal control animals providing a clear indication of

symptoms of dehydration in animals exposed to water restrictions for three days (Table 5.2).
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Figure 6.1: Can dehydration along with hypobaric hypoxia is an additive factor for the symptoms associated with
AMS??

It has been well reported that dehydration is a contributing factor at high altitude in the
symptoms associated with AMS along with hypobaric hypoxia [97]. Recently, Castellani et al.
provided a clear indication of the importance of hypo-hydration in additively increasing severity
of symptoms associated with AMS [89]. However, there is no study reported in the literature that

specifically correlated dehydration at high altitude with AMS by taking specific pathological
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markers associated with AMS. Though, acute exposure to hypobaric hypoxia and dehydration has
been separately reported to decrease the GFR in rats, the combined effect of both remains to be

studied [3, 123].

Dehydration

Figure 6.2: Dehydration as a contributing factor along with decreased partial pressure of oxygen in symptoms

associated with AMS

So, this was the first study to see the combined effect of dehydration and acute hypobaric
hypoxia on AMS symptoms by taking specific pathological markers viz., GFR, neuro-
inflammation, plasma volume and RBC fragility in rats.

During combined hypoxia dehydration (CHD) exposure, in the present study, dehydration
has been found to additively affect acute hypobaric hypoxia-induced decreased GFR in rats.
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Apart from decreased GFR in rats during CHD stress, we also observed increase in S100B levels,
clearly indicating additive neuro-inflammatory changes (Table 5.3).

In summary, dehydration and hypobaric hypoxia have an additive effect of high altitude
and result in increased neuro-inflammation, RBC fragility and decreased in GFR in rats.

During the present study, exposure to hypoxia was found to negatively regulate GFR and
cause electrolytic imbalance at the altitude of 25,000 ft. and 27,000 ft. and this was found to be
augmented by altered balance between RAAS and ANP, as discussed earlier (Figure 5.1, Table
5.1). In addition to this, serum S100B protein levels were found to increase with the increase in
altitude along with increase in percentage prevalence of CVL (Figure 5.2). Increased serum
S100B levels which is an indicator of neuro-inflammation and further leads to BBB permeability
and CVL, support the role of vasogenic edema theory of AMS. We have also studied the effect of
dehydration on various serological parameters in order to find out the correlation between
dehydration and the symptoms associated with acute mountain sickness. Increased pack cell
volume has been reported to be a cardinal sign of dehydration. During CHD, increased pack cell
volume along with decreased GFR and increased serum S100B protein levels were observed
(Table 5.3). This indicates dehydration to be an additive factor for the symptoms associated with
AMS. Thus, dehydration, along with the hypobaric hypoxia could be an additive factor in the
progression of symptoms associated with AMS during initial exposure to high altitude in un-

acclimatized sojourns, which travel to high altitude areas.
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6.2. Phyto-prophylactics for the prevention of Acute Mountain Sickness

6.2.1. To study the effect of T. arjuna bark extract on acute hypobaric hypoxia-induced
decrease GFR in rats

From the ancient times, 7. arjuna was famous for its medicinal properties in treating cardiac and
renal disorders viz., congestive heart failure, hypertension and renal failure [42-43]. Growing
body of evidences suggested potential of arjuna tree bark as a modulator of over-expressed
circulatory RAAS, thus showed therapeutic efficacy in renal disorders [43, 146-148]. In addition
to this, red colored bark extract was previously found to shown efficacy in dehydration-induced
alteration in acute renal failure [43]. In the present study, we studied the efficacy of hydro-
alcoholic 7. arjuna bark extract during acute hypobaric hypoxia mediated altered electrolytic
balance and GFR in SD rats.

As discussed earlier, modulation of over-expressed circulatory RAAS by controlling
release of ANP could be beneficial in hypoxia mediated altered electrolytic balance and GFR.
This study deciphering the efficacy of hydro-alcoholic T. arjuna extract during acute hypoxia by
significantly attenuating the activity of ANP and circulatory over-expressed RAAS.
Administration of red-colored bark extract to hypoxia animals attenuated hypoxia-mediated
negatively regulated GFR (Figure 5.7). Decreased half-life of **™Tc was recovered significantly
by orally administration of arjuna bark extract (Figure 5.7). We have found that, the arjuna bark
extract administration showed recovery in half-life of " Tc. The recovery could be due the
efficacy of bark extract in modulation ANP and RAAS. Diuretics effect of many formulations
was studied by the prediction of GFR as well as quantifying the amount of urine production in

animals [116, 149]. It has been found that GFR and urine volume has positive correlation [150].
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Animals administered with 7. arjuna during 27,000 ft. of exposure, the urine production

significantly improved, supporting the efficacy of red-colored bark extract (Figure 5.6).
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Figure 6.3: Prophylactic efficacy of T. arjuna bark extract in acute hypobaric hypoxia induced decreased GFR in

rats [3].

Acute hypoxic exposure mediated negatively altered ANP level was found to be
recovered by the treatment of 7. arjuna to hypoxic animals by modulation circulatory over-
expressed RAAS (Figure 5.7 and 6.3). However, the effect by ANP on RAAS modulation was
found to be completely blocked by anantin (Figure 5.7). Even arjuna bark administration

mediated increased GFR was also blocked (Figure 5.7).
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Conclusively, red colored 7. arjuna bark extract could a therapeutic strategies in
maintaining acute hypobaric hypoxia-mediated altered electrolytic balance and GFR possibly by
modulating the activity of over-expressed circulatory RAAS by ANP (Figure 6.3).

6.2.2. To study the effect of Santalum album heartwood extract on acute hypobaric hypoxia-
induced CVL and neuroinflammation in rats

The present study demonstrates the anti-inflammatory potential of SAE (Santalum album extract)
during acute hypobaric hypoxia though “receptor for advanced glycation end products/ nuclear
factor kappa-light-chain-enhancer of activated B cells” (RAGE/NF-xB) dependent mechanisms.
Growing body of evidence suggests the role of S100B protein up-regulation in neuro-
inflammation during various stress disorders. S100B has been considered as a marker of
astrocytic damage in recent studies [151-152]. In addition to this, increased S100B levels have
been found in the serum of AMS patients [24]. Over the last decades, elevated S100B expression
has been considered as a marker of BBB permeability [22]. Alterations in BBB have been well
documented to increase CVL during acute hypoxic stress [3, 153]. Altered BBB dependent
increased CVL leakage could be associated with potential symptoms of AMS [154]. In the
present study we observed altitude dependent increase in serum S100B levels which was
correlated to increase in CVL [155] (Figure 5.2). S100B could be a released either from
adipocytes or from astrocytes during stress. We, therefore, estimated the levels of S100B in rat
brain hippocampal lysate as well in rat serum during acute hypobaric hypoxia (Figure 5.10). We
observed increased levels of S100B protein in serum as well as in rat brain hippocampal lysate.
Hence, increased S100B levels during acute hypoxic stress released from brain astrocytes and
could be responsible for acute hypobaric hypoxia-induced increased BBB permeability and

resulting neuro-inflammation and CVL in rats (Figure 5.2 and 5.10).
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Growing body of evidence supported the concept of acute hypobaric hypoxia-induced
neuro-inflammation and CVL as triggers for the symptoms of AMS. However, the molecular
mechanism pertaining to increased S100B protein-dependent increased neuro-inflammation and
CVL during acute hypobaric hypoxia was not still clear. RAGE, a multi-ligand receptor protein
has been reported to interacts with S100B protein and regulate various cellular functions of
neuronal cells [156]. It has been well reported in the literature that, activation of RAGE/NF-«B
signaling mediates production of pro-inflammatory cytokines [17, 157]. Interestingly, specifically
blocking RAGE receptor with FPS-ZM1, a RAGE receptor blocker, has been reported to reduce
BBB disruption during intra-cerebral hemorrhage in rats [158]. Increased production of pro-
inflammatory cytokines could finally lead to neuro-inflammation resulting in BBB disruption and
increased CVL. In the present study, we have observed that acute exposure to hypoxia in animals
significantly increases the expression of S100B, NF-kB and pro-inflammatory cytokines viz.,
interleukin-6 (IL-6). However, no significant difference in the expression of RAGE receptor was

observed in the present study (Figure 5.10).
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Figure 6.4: Prophylactic efficacy of Santalum album heartwood extract in acute hypobaric hypoxia-induced

increased neuro-inflammation in rats

As discussed earlier, could be responsible for acute hypobaric hypoxia-induced neuro-
inflammation and CVL in rats by activating RAGE/NF-kB signaling. Administration of SAE to
hypoxia animal’s attenuated acute hypobaric hypoxia-induced RAGE/NF-«B signaling dependent
increased pro-inflammatory cytokines viz., IL-6, interleukin-1 B (IL-1PB) and tumor necrosis
factor- a (TNF-0) level in rat brain hippocampus (Figure 5.13). Integration of experimental
strategies with computational strategies could be of high value in prediction of the exact

molecular mechanism of predominant molecule present in formulations [159]. Our in-silico
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approach revealed the interaction of a-santalol with RAGE receptor hydrophobically (Table 5.4
and Figure 5.11). So, we hypothesized that, a-santalol present in SAE could have attenuated
acute hypobaric hypoxia-induced increase in neuro-inflammation and CVL by inhibiting RAGE/
NF-«B mediated signaling mechanisms.

This is the first report demonstrating the anti-inflammatory role of S. album extract in rat
brain. S100B protein has been found to play a dominant role in acute hypobaric hypoxia induced
neuro-inflammation, altered BBB permeability and CVL in rats. Secreted S100B protein could
lead to neuro-inflammation through RAGE/NF-kB pathways. Preventive administration of SAE
to hypoxic animals significantly reduced the activation of NF-kB-p65 signal cascade protein in
the hippocampus, supporting the role of SAE in reducing neuro-inflammation (Figure 5.12). In-
silico studies revealed a-santalol present in S. album binds to RAGE receptor and could block
RAGE receptor, thus preventing neuro-inflammation during acute hypobaric hypoxia.

6.3. To study the effect of Nymphaea rubra rhizome extract on dehydration-induced
increased RBC fragility in rats

Nymphaea x rubra Roxb. ex Andrews (N. rubra), has been reported in the literature for its
anthelmintic, immunomodulation, insulin resistance, anti-hyperglycemic, anti-dyslipidemic, anti-
inflammatory, anti-pyretic, hepatoprotective and free radical scavenging activity [49, 52-54].
However, literature is sparse on regulatory toxicological evaluation and the potential of plant for
use as phytomedicine in hematological disorders has been less studied.

Though several medicinal plants have found widespread application in folklore and
traditional medicine, regulatory toxicological parameters of these plants still remain to be studied.
Considering previous reports on potential adverse effects of plant extracts that could lead to

degenerative changes or mortality even on single dose administration, toxicological evaluation of
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plants with phyto medicinal properties is of paramount importance [160-161]. Though several
phyto compounds may not cause immediate adverse physiological effects on administration,
bioaccumulation due to repeated dosing or damage to subcellular components may be manifested
as delayed effects. Histo-pathological examination of tissue has therefore been considered as a
gold standard to examine the effects phyto-components on the vital organs [162]. Our findings on
microscopic examination of tissue samples showed no adverse effect of N. rubra rhizome extract
on heart, lungs, brain, kidney, spleen, liver, testis and ovary. The no observed adverse effects
levels (NOAEL) of N. rubra rhizome extract was determined to be > 2000 mg/kg b.w. (Figure
5.15).

Previous reports on use of N. rubra extract on blood-related disorders formed our
basis for investigating hematological parameters [50]. Since dehydration stress has been
previously reported to alter hematological parameters like packed cell volume (PCV),
hemoglobin (Hb) and plasma osmolality, it was the obvious choice for our experimental model
[29, 163]. Dehydration has been well reported to increase plasma osmolality through decrease in
plasma volume [164]. Increased plasma osmolality, in turn, has been reported to decrease RBC
deformability and increased RBC fragility [165-167]. Consistent with previous reports, the
results of the present study show increased plasma osmolality and RBC fragility in dehydrated
animals (Figure 5.17 and 5.18). Previous reports show high mineral content in rhizome of N.
rubra [168] which in turn could influence serum electrolyte concentration in dehydration. Since
maintenance of electrolyte balance could contribute towards decreased RBC fragility in
dehydrated rats administered with N. rubra extract, we investigated the plasma electrolytes
during the present study. Administration of N. rubra rhizome during dehydration, on the other

hand, decreased RBC fragility by increasing serum magnesium concentration through
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mechanisms similar to that suggested by Franceschi et al., (1997) [37]. Detailed studies are
however required to determine the molecular signaling mechanisms contributing toward the

efficacy of N. rubra extract in dehydration.
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6.3. To study the prophylactic efficacy of poly-herbal formulation comprising of 7. arjuna,
Santalum album and Nymphaea rubra during CHD stress

Usage of medicinal plants for the treatment of acute and chronic maladies has been quoted as one
of the best oldest known methods in various traditional medicinal systems viz., Ayurveda,
Chinese, Unani and African system of traditional medicines [169]. In Ayurveda, the formulations
consist of either, one herbal plant, known as mono herbal formulation or the formulation consist
of more than one plant, known as poly-herbal formulation [170]. However, the less availability of
scientific advancement in terms of techniques to optimize the composition of poly-herbal
formulations, made them questionable in recent ages [171]. So, the composition optimization of
poly-herbal formulations in relation to specific pharmacological targets of specific herbal
formulation constituents could over ride the question of composition optimization of poly-herbal
formulation [172-173]. We also have first optimized the composition of poly-herbal formulation
in relation to 7. arjuna, N. rubra and S. album. The dose was optimize by taking specific targets
associated with specific herbal formulation and optimize composition of poly-herbal formulation
was found to be 1:0.25:1, for T. arjuna, N. rubra and S. album respectively (Table 5.5).

Despite wide usage of Ayurvedic herbal formulations, the scientific data on their
toxicological evaluation is less or not available [174]. It has been found that, many of the poly-
herbal formulations have serious toxic effects, could be correlated with, intrinsic toxicological
properties, over-dosing, drug-drug interactions and contamination of herbal drug formulations
[175]. So, before doing clinical studies on poly-herbal formulations, it is essential to evaluate the
safely profile of herbal formulation [3]. So, we have evaluated the poly-herbal formulation for
both acute and sub-acute toxicity studies according to the organization for economic corporation

and development (OECD) guidelines. Based on the previously published studies, single or
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multiple dose administration of herbal formulations could lead to degenerative changes in vital
organs viz., brain, heart, lungs, liver, kidneys, and spleen [123]. However, in this study, we have
not found any degenerative changes on organs studies during acute and sub-acute toxicity studies
on poly-herbal formulation (Figure 5.20). The NOAEL of poly-herbal formulation was found to
be greater than 2000 mg/kg of body weight. Thus, in conclusion, we could say that, poly-herbal
formulation is safe for usage either pre-clinically and clinically. The human equivalent dose as
described in material and methods sectioned was found to be 97 mg/kg of body weight for
humans.

The herbal prophylactic formulation for acute mountain sickness comprised of Arjun Tree
(T. arjuna) bark powder, Water Lily (Nymphaea rubra) rhizome powder and Sandalwood
(Santalum album) heartwood powder mixed in the ratio 1:1:0.25. Pre-clinically, poly-herbal
formulation was found to be free from toxicity during acute and sub-acute toxicity studies. This
poly-herbal formulation was found to be having high efficacy during pre-clinical studies. The
optimized dose of poly-herbal formulation was 600 mg/kg and human equivalent dose was 97

mg/kg of b.w. for human subjects.
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7. SUMMARY AND CONCLUSION

Acute mountain sickness (AMS) is the highest prevalent illness occurring on the rapid ascent to
high altitude. AMS have been seen widely reported in the troops and these symptoms may be
fatal if not treated timely. However, due to no availability of animal model for AMS, pre-clinical
research on therapeutic and prophylactic potential of pharmaceutical and bioactive compounds
against AMS is sparse. So, the present study was aimed at developing animal model and phyto-

prophylactics for AMS.

1. Acute hypobaric hypoxia was found to decrease glomerular filtration rate (GFR), fluid and
electrolyte balance and cause neuro-inflammation in rats. Exposure to dehydration was found to
decrease plasma volume and GFR in rats. During combined hypoxia dehydration stress,
dehydration augments the hypobaric hypoxia in progression of patho-physiological markers
associated with AMS such as GFR, fluid and electrolyte balance, neuro-inflammation and RBC

fragility.

2. To summarize, this is the first report demonstrating the adaptogenic and prophylactic potential
of Terminalia arjuna (T. arjuna) bark extract for high altitude maladies. 7. arjuna bark extract
ameliorates hypobaric hypoxia-induced decrease in GFR and sodium ion accumulation in the
serum through arterial natriuretic peptide-induced modulation of renin-angiotensin-aldosterone-
system. 7. arjuna could be beneficial in acute hypobaric hypoxia induced decreased GFR and

altered fluid and electrolyte balance.

3. This is also the first report demonstrating the anti-inflammatory role of Santalum album (8.

album) extract (SAE). S100B protein has been found to play a dominant role in acute hypobaric
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hypoxia induced neuro-inflammation, altered blood brain barrier permeability and cerebral
vascular leakage in rats. Secreted S100B protein could lead to neuro-inflammation through
RAGE/NF-kB pathways. Preventive administration of SAE to hypoxic animals significantly
reduces the activation of NF-kB-p65 signal cascade protein in the hippocampus, supporting the
role of SAE in reducing neuro-inflammation. In-silico studies reveals, a-santalol present in S.
album binds to RAGE receptor and could block RAGE receptor, thus preventing neuro-
inflammation during acute hypobaric hypoxia.

4. Administration of Nymphaea rubra thizome extract during dehydration was found to decrease
RBC fragility in rats. However, the exact molecular mechanism associated with Nymphaea rubra
extract mediated protection of dehydration induced increased RBC fragility was still not clear.
This could be due to the high concentration of magnesium present in the extract and magnesium
has been well reported to prevent RBC fragility during many stress disorders.

5. The optimized composition of poly herbal formulation was found to be 1:1:0.25 for T. arjuna,
S. album and N. rubra respectively. Study concludes that, poly herbal formulation is free from
any toxicity and could be safe for clinical usage.

In the milieu of the above findings, it can be concluded that, dehydration along with the
acute hypobaric hypoxia could be equally responsible for symptoms associated with AMS.
Herbal prophylactics or formulation made from 7. arjuna, S. album and N. rubra may be useful
in ameliorating symptoms associated with AMS. However, further studies on human subjects
need to be conducted to evaluate the efficacy of poly-herbal formulation made from 7. arjuna, S.

album and N. rubra.
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