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Obesity is associated with numerous chronic ailments and represents one of the major
health and economic issues in the modernized societies. Accordingly, there is an obvious
need for novel treatment approaches. Recently, based on the reports of reduced appetite
and subsequent weight loss following high-altitude sojourns, exposure to hypoxia has
been proposed as a viable weight-reduction strategy. While altitude-related appetite
modulation is complex and not entirely clear, hypoxia-induced alterations in hormonal
appetite modulation might be among the key underlying mechanisms. The present paper
summarizes the up-to-date research on hypoxia/altitude-induced changes in the gut
and adipose tissue derived peptides related to appetite regulation. Orexigenic hormone
ghrelin and anorexigenic peptides leptin, glucagon-like peptide-1, peptide YY, and
cholecystokinin have to-date been investigated as potential modulators of hypoxia-driven
appetite alterations. Current evidence suggests that hypoxia can, especially acutely, lead
to decreased appetite, most probably via reduction of acylated ghrelin concentration.
Hypoxia-related short and long-term changes in other hormonal markers are more
unclear although hypoxia seems to importantly modulate leptin levels, especially following
prolonged hypoxic exposures. Limited evidence also suggests that different activity
levels during exposures to hypoxia do not additively affect hormonal appetite markers.
Although very few studies have been performed in obese/overweight individuals, the
available data indicate that hypoxia/altitude exposures do not seem to differentially affect
appetite regulation via hormonal pathways in this cohort. Given the lack of experimental
data, future well-controlled acute and prolonged studies are warranted to expand our
understanding of hypoxia-induced hormonal appetite modulation and its kinetics in health
and disease.

Keywords: altitude, hypoxemia, satiety, hunger, regulation

INTRODUCTION

Obesity represents one of the key health issues in many western societies and is associated with
numerous chronic ailments (Ng et al., 2014). Given that, over one billion of world population
is currently overweight and at least 300 million people obese, there is an obvious need for new
therapeutic strategies (Ng et al., 2014). Sojourns to high altitude and/or exposures to hypoxia have
recently been proposed as a potential novel weight-loss strategy (Netzer et al., 2008; Quintero
et al., 2010; Kayser and Verges, 2013). The rationale is based on anecdotal as well as scientific
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observations of significant body mass decreases following high
altitude sojourns. Reductions in body mass observed at high
altitudes seem to be a consequence of blunted appetite resulting
in decreased energy intakes (Westerterp and Kayser, 2006; Benso
et al., 2007; Kalson et al., 2010). This phenomenon, also termed
“Altitude anorexia” was initially thought to be associated with
altitude-related environmental factors (cold, dehydration, etc.)
and medical conditions (acute mountain sickness) (Hackett and
Roach, 2001). However, growing body of literature from well-
controlled laboratory investigations indicates that hypoxia per se
underlies the observed appetite changes (Westerterp-Plantenga
etal.,, 1999; Wasse et al., 2012; Bailey et al., 2015).

While hypoxia-related appetite modulation is not completely
understood, alterations in hormonal appetite regulation might
be one of the key underlying mechanisms (Quintero et al,
2010; Kayser and Verges, 2013). The purpose of the present
paper is to summarize to-date research on hypoxia/altitude-
induced changes in the gut and adipose tissue derived peptides
related to appetite regulation. Contemporary studies suggest
that orexigenic hormone ghrelin and anorexigenic agents
leptin, glucagon-like peptide-1 (GLP-1), peptide YY (PYY), and
cholecystokinin (CCK) are among the main potential hormonal
modulators of hypoxia-driven appetite changes. In addition
to reviewing the current evidence regarding these hormonal
markers, the review will also address the potential influence of
different activity levels on hormonal appetite regulation under
hypoxic conditions. Finally, considerations regarding future
research directions are also discussed.

HORMONAL APPETITE REGULATION

Energy balance is dynamically maintained by a complex
integration of afferent and efferent metabolic and neural
signals orchestrated by the central nervous system. It is indeed
fascinating that most mammals are capable of maintaining
relatively stable body mass over their lifespan despite significant
fluctuations in energy expenditure on the one hand, and energy
intake on the other (Strader and Woods, 2005). This indicates
that long-term appetite control is tightly controlled and closely
related to energy expenditure. Hypothalamus plays one of the
main roles in the central appetite control (Schwartz, 2006). In
particular, the efferent signals from the gut, pancreas, liver, and
adipose tissue get integrated within the hypothalamus which
then modulates appetite in order to maintain energy homeostasis
(Hussain and Bloom, 2013). Several hormonal markers are
involved in both, long (days-years) and short-term (meal-to-
meal) appetite regulation. Leptin is one of the crucial peptides
modulating long-term energy balance and constantly provides
tonic signals from the body fat stores (Strader and Woods, 2005).
On the other hand, various peptides, originating mostly from
the gastrointestinal tract, modulate appetite in the short-term.
These peptides signal meal-to-meal fluctuations in immediate
energy availability and thereby regulate short-term changes in
satiety and hunger control (Perry and Wang, 2012). While the key
hormonal markers are briefly summarized below, the interested
readers are referred to a number of comprehensive reviews on
the topic (Neary et al., 2004; Strader and Woods, 2005; Huda

et al., 2006; Coll et al., 2007; Stensel, 2010; Perry and Wang,
2012).

As mentioned above leptin is the key long-term satiety
signaling peptide produced almost exclusively within the
adipocytes (Zhang et al., 1994). The systemic circulating leptin
levels closely mirror the amount of adipose tissue (Shimizu et al.,
1997) and tend to decrease and increase in response to starvation
and overfeeding, respectively. While the critical importance of
leptin in maintaining energy balance through direct anorexigenic
signaling to the hypothalamus is clearly established, it is of
note that the ability of leptin to inhibit appetite can be blunted
(Enriori et al., 2006). This phenomenon, also termed “leptin
resistance” is commonly observed in obese and overweight
individuals. Another adipose tissue derived peptide proposed to
play important role in energy balance is adiponectin (Trujillo and
Scherer, 2005). In contrast to leptin, adiponectin concentration is
inversely related to adipose tissue mass and seems to augment
appetite via adenosine monophosphate-activated protein kinase
stimulation within the hypothalamus (Steinberg and Kemp,
2007).

Peptide GLP-1 has been shown to promote satiety through
its direct effect on central appetite regulation (Naslund et al.,
1999) and also indirectly by reducing gastric emptying and
suppressing gastric acid secretion (Verdich et al., 2001). GLP-1
is released from the endocrine L-cells within the small and large
intestine in response to feeding and is one of the most powerful
incretin hormones (Drucker, 2006), significantly influencing
insulin secretion and biosynthesis within the pancreas (Baggio
and Drucker, 2007). It is of note, that peripherally the GLP-
1 exists in its active (GLP-17-36) and inactive (GLP-1g9-37)
form. Concurrently with the GLP-1, the endocrine L-cells of
the intestines release the PYY which is also a potent short-
term appetite modulating peptide with an anorexogenic effect
(Chaudhri et al., 2006). While the circulating PYY levels in
fasting state are low they increase rapidly in response to food
intake when PYY|_35 and PYY3;_35 forms are released into
the circulation, with the latter being the most abundant and
active form. PYY mostly mediates its appetite effects through
neuropeptide Y receptors and is additionally involved in gastric
motility inhibition and electrolyte absorption augmentation in
the gut (Batterham and Bloom, 2003). Another gut-derived
peptide implicated in satiety signaling is CCK. It was the
first discovered gut peptide demonstrated to be an important
modulator of postprandial satiety (Kissileff et al., 1981). The CCK
is released in the circulation, in response to fatty acids, from the I
cells of the small intestine and exerts its action via the influence of
CCK1 receptor on the hypothalamus and the brainstem (Moran
et al., 1992). Besides its appetite-related effects, the CCK also
promotes fat and protein digestion (Liddle et al., 1985).

Ghrelin, also known as the “hunger hormone,” is an enteric
peptide involved in short-term energy balance maintenance.
Interestingly, it is the only orexigenic appetite-related gut signal
discovered to date (Williams and Cummings, 2005) and is
produced exclusively within the oxyntic glands of the stomach. It
is well established that ghrelin levels decrease postprandially and
are increased prior to meals (Cummings et al., 2001). Augmented
ghrelin levels promote gastric motility, growth hormone release
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and attenuate fat utilization (Kojima and Kangawa, 2005). It
is important to note that ghrelin tends to exert the orexigenic
effect only in its acylated form (Ghigo et al., 2005). Given that
the acylated ghrelin form represents only 10-20% of the total
circulating ghrelin, this notion needs to be taken into account
when interpreting the outcomes of the studies investigating its
appetite-related function.

Obviously, there are also other peptides that have been
implicated in the general energy balance maintenance. In
particular, the pancreas derived amylin (Roth, 2013) and
pancreatic polypeptide (Batterham et al., 2003), interleukins
from the adipose tissue (Zorrilla et al,, 2007) as well as the
oxyntomodulin (Cohen et al., 2003), obestatin (Beasley et al.,
2009), and insulin-like peptide 5 (Grosse et al., 2014) produced
within the gut have all been shown to influence appetite in
a complex interplay with the other incretin and previously
discussed hormones. However, given the limited scope, the
present paper is focused solely on the appetite-signaling peptides
that have already been investigated in regards to their role in
hypoxia-related appetite modulation. The main findings of the
up-to-date studies on the effects of altitude/hypoxia on these
select markers is summarized in the following section.

HYPOXIA-RELATED CHANGES IN
HORMONAL REGULATION

As noted above, appetite reductions are consistently reported
in individuals acutely exposed to higher terrestrial altitudes
(Westerterp-Plantenga et al., 1999; Westerterp and Kayser, 2006).
While this was initially thought to be a consequence of other
altitude-related factors (Hackett and Roach, 2001), growing body
of literature indicates that altitude-related hypoxia seems to be
the main driver of the observed appetite alterations. Indeed,
hypoxia has been shown to affect a number of hormonal markers
involved in appetite regulation. The outcomes of the key well-
controlled short-term and long-term investigations on the effects
of hypobaric (terrestrial) and/or normobaric (simulated altitude)
hypoxia are presented in Tables 1, 2, respectively. Within the
present review, the term acute (short-term) and prolonged (long-
term) exposures are used to define hypoxic exposures of <24-h
and >24-h duration, respectively.

Leptin has been one of the first hormones implicated in
altitude-related anorexia (Tschop et al., 1998). Mechanistically,
hypoxia-induced stimulation of transcription factor HIF-1a, a
key regulator of cellular responses to reduced O, availability, can
also effect circulating leptin via HIF-lo-dependent expression
of the leptin gene expression (Grosfeld et al., 2002). However,
albeit the fact that both acute (Tschop et al., 1998; Snyder et al.,
2008) and prolonged (Shukla et al., 2005; Lippl et al., 2010;
Meljavic et al., 2016) exposures to hypoxia have demonstrated
increases in circulating leptin levels its role in hypoxia-related
appetite modulation is unclear. In particular, numerous studies
have also demonstrated unaltered (Benso et al., 2007; Debevec
et al,, 2014; Morishima and Goto, 2016) or even decreased
(Zaccaria et al,, 2004; Debevec et al.,, 2016) leptin levels in
response to hypoxic exposure. Interestingly, the only to-date

study investigating the effects of altitude exposure on leptin levels
in obese individuals showed a significant increase following 7-
day exposure to 2,650 m (Lippl et al., 2010). It is important to
note that the outcomes of field, or not suitably controlled, studies
might have been confounded by factors such as environmental
influences (i.e., temperature, humidity), diet, activity levels, as
well as changes in body composition, all known to importantly
modulate leptin release (Sierra-Johnson et al., 2008). In addition,
the pulsatile manner of leptin secretion and its circadian variation
(Park and Ahima, 2015) might have also explain some of the
discrepancies. However, even when taking into account only
the outcomes of the laboratory based, strictly-controlled studies,
both short (Snyder et al, 2008; Morishima and Goto, 2016)
and long-term (Debevec et al, 2014, 2016) exposures led to
contrasting leptin responses. Although the effect of hypoxia on
leptin release, as well as its influence on hypoxia-related appetite
modulation, needs to be clarified it seems that hypoxia does
influence leptin concentration, at least in response to long-term
exposures.

To-date, hypoxia-related GLP-1 modulation received little
attention. Snyder et al. (2008) were the first to assess the influence
of acute (17-h) exposure to simulated hypoxia on fasting GLP-
1 levels and did not find any independent hypoxic effect. These
finding were further corroborated by subsequent acute (Bailey
et al., 2015; Morishima and Goto, 2016) and also prolonged
(Debevec et al., 2014; Mekjavic et al., 2016) hypoxic exposures.
All of these studies did not show any significant effect of different
hypoxia levels (fraction of inspired Oy (F;O;) from 12 to 15%)
on fasting as well as postprandial GLP-1 levels. Interestingly,
postprandial GLP-1 plasma concentration was shown to decrease
following 16 days of hypoxic confinement when combined with
bed rest-induced inactivity (Debevec et al., 2016). While this
might suggest an effect of different activity levels on hypoxia-
related GLP-1 modulation, previous two studies on the topic did
not elucidate any significant influence of exercise (Debevec et al.,
2014; Bailey et al., 2015). Based on the current studies, GLP-1
does not seem to be particularly influenced by environmental
hypoxia and thus its potential role and contribution to the
complex altitude-related appetite reduction is questionable.

In contrast to GLP-1, a tendency for a decrease in PYY was
noted following acute (7-h) hypoxic exposure (Wasse et al,
2012). The study by Wasse et al. (2012) was the first to assess
the potential contribution of PYY to hypoxia-provoked appetite
changes. Few recent studies also investigated the hypoxia-
induced alterations in PYY. However, all of them failed to
demonstrate any significant effect of hypoxia per se either
following acute (Bailey et al., 2015) and prolonged (Aeberli et al.,
2013; Debevec et al., 2014, 2016; Mekjavic et al., 2016) hypoxic
exposures. The fact that the changes in total PYY instead of
its active and most potent form (PYY3_36) were assessed in all
of the above investigations might underlie the lack of changes.
Nevertheless, based on the available data the PYY does not seem
to be affected by hypoxia and thus, might not play a role in
altitude-related appetite modulation.

Bailey et al. (2000) initially demonstrated that high altitude
trekking (up to ~5,100 m) can augment CCK levels in lowlanders
and suggested that this increase might underlie the observed

Frontiers in Physiology | www.frontiersin.org

May 2017 | Volume 8 | Article 366


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Hormonal Appetite Modulation in Hypoxia

Debevec

‘Sebueyd JuBDYIUDIS OU ‘<> pasea.oul Aueoyiubls ‘) ‘paseasoep Apueoyiubis ‘4 uiupio3sAo8j0yD ‘MDD AA Opnded AAd
| epndad ayjj-uobeonib ‘| -475 8insodxe 8y} JO uoeSSa aiojeq 1Snf Buise] ‘1Sod ‘8insodxe 8y} 8iojeq bunsa; ‘eid ‘uoneinies usbAxo AejideD ‘z0ds ‘ZzO paJdsul Jo uonorlH ‘20l ‘EeIxodAy oueqowIoN ‘HN ‘BIXodAY oLeqodAH ‘HH

910¢
‘0105) pUB BLIYSHO

GlLoz “le 1o Aslreg

‘aedde panposad Jou siexew
[euowoy pajejel ayledde Jsje Jou seop

BIX0dAY 8elepow 0} ainsodxe INoY-usnes

‘paIoU sem AlsuB)Ul 8SI0JeX8 JO souaN|jul ON

"SUOIIBJUSOUOD Uljelyb pejejfoe pue

anadde sassaiddns eixodAy oLeqowIOU 81N0Y

b-d19 <
unde| <

L-d19 <
AAd [B10} <

unosuodipy <

ulaypb [ejo) <>

ulyb pejejfoe t

(8 = N) SEENpPINPUL paueAuN AyleaH

(z+ = N) SlEnpIAIpUl peuteun ‘AuesH

exouou ‘eixodAy

:(JoN0-$S040) SUOIIPUOD Z

(%0°G} = 20'4) HN U-2

1s04—-2.d

eixodAy pue exowou

| as1osexe Aysusiul ybly pue ayesspow

:(I9AO-SS010) SUOIIPUOD 1
(%22H=C04) HN U-9C
1s04-8.d

‘as10Joxa oIX0dAY

"9S10JOX8 JO 100)40 SAIPPE ON L-d1O < ‘exodAy :sdnoib g
‘uole|nBal aedde [euowuoy Jale Apueoyiubis AAd [E10] < (9=Nosiexe 'H) (8= N

102 “[e 18 9anegeq 10U S80p BIX0dAY dLEQOWIOU 81N0Y unde| < ulleayb [ey0} <> exodAH) sfenpiaipul pautesun ‘AyyesH (%6°€L = ¢0'4) HN U-v2
MO0 PUE uleayd U2

[e101 [elpueidisod pue Bunse) Ul uononpal MOO [elpuesdisod 1 uyeuyB [ejo) fepuesdisod 1 U-¥g-y 71-old

Z10zZ “le 1o [doiy jueoyiubs seonpul eixodAy oLeqodAy einoy [CR28D N feloN) uelyb feror t (L1 = N) Sfenpiapul pautesun ‘AuiesH WySh'e ® HH Aep-1

1S04-1d

as|oJexa oIxodAy

JAd [B101 U POIOU SBA 8SBOI00P ‘9S[0JaXa OIXOWIOU ‘Bx0dAY ‘elxouiou

© 10} Aouspus] B AUO 8[IUM UOIBUSOUOD {(JoA0-85010) SUOIIPUOD 1

2102 “'[e 1o essep uljeIyd perejfoe sessaiddns eixodAy enoy AAd [€10} < ulelyd pereifoe 1 (01 = N) sfenpiaipul pauresun AuyesH (%2721 = SO'4) HN Y-~

‘suonelele ¢odg

01 payea.I00 alem unds| ur sebueyd “ |-4719 b-d1O < 1SO0d-8id

8002 "[e 10 JopAus jou Inq ‘unds)| sesealoul BIxodAY [BUIN}OON undey ¥ - (gz = N) sfenpiaipur pauteun ‘AuiesH (%¥'2L =204 HN U-LL
siayew

2ouaiajey

suoisnjpuon

ojuaboxalouy

sJoyiew o1uabixaiQ

sjuedionued

aupno Apmis

"SieyJew [euouioy oluaBixaioue pue olusBixalo J09jes U0 sainsodxa apniiie/oIXodAy Wiiel-HoUs pUe 8ok Jo sjoaye eyl BureBiiseaul seipnis pajjojuod ay} wody sbulpul Aoy | 1 31GV.L

May 2017 | Volume 8 | Article 366

Frontiers in Physiology | www.frontiersin.org


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Hormonal Appetite Modulation in Hypoxia

Debevec

| epndad aji-uobeonb ‘| -475 ‘einsodxse ayj Jo UoeSSe 810jeq isnl buisel

‘Sebueyd JuBIYIUBIS OU ‘<> pasealoul Ajueoyiubls ‘) paseaioep Apueoyiubis ‘4 fuiupioisAosioyD ‘MDD AA OpRASd AAd
1804 fainsodxe au 810jaq BuIISe] ‘Sid ‘SSBUyIIS URIUNOW 8)NdY ‘SN 20 paidsul JO UoRoBIlH ‘C0O'4 ‘BIXOdAY 2LBQOWION ‘HN ‘BIXOdAY oLeqodAH ‘HH

9102 “'[e 18 0eAsge(d

910z “'fe 10 onepeN

7102 “'[e 18 9eAage

€102 "B 18 I4sgey

010z “le 1o [ddr]

G002 “'[e 18 BpNUS

pabueyoun sem

‘soMelul
paseaJoul Ul 108|}8J 10U pIP Siyl yBnoyye

‘uolrenwins ayedde parejai-eixodAy aredlpul

sioxlew ejjiedde [euowioy painsesw oy |

‘sleyew

aedde [euouloy Ul sesuodsal Je|iulis SUexe
BIXOWJOU pue eixodAy 0} Juswiauluod Aep us|

‘uolre|nbal ayedde [euow.oy Joye o}

W9es Jou seop Bululel} 8S10J9Xa INOYHM JO UM
eIxodAy ouegowlou 0} ainsodxs pabuo|oid

‘apnyiie 01 asuodsal ul paisye Ajueoliubls
SEM SOUOWIOY PaINSeaW 8y} JO SUON
"2Insodxa apniife a1elspowl BuIMO||0)

IleJyb pue Jeybly sem unds)

‘suononpal ssewl Apoq ueoyubis aydseq

*SUONEIUSOUOD UljelyB (210} Seonpal

pue unds| syuswibne ainsodxa apnie ybiH

(Auo Ayanoeul

+ exodAH) 1-d419 t
AAd [E10] <>

(Auo Auanoe

+ eixodAH) unde| t
(Auo exounol) [-479 ¥
AAd [E10] <>

(erxowuou

% eIxodAy yioq) unde) 4
unosuodipy <

b-d1O <

AAd [E]0] <>

unde| <

(v 8 ¢ feq) 300 <

(7 8 ¢ Akeq) AAd 10} <

undsy §
paziyew|[ooe-uou ‘sA
‘looe ur upds) 4

(2 Req) undsy §

(¢ feq) undey ¥

ulaypb [ejo) <

uleypb [ejo1 <>

ulaayb [eyoy <

ulaiypb [eyoy <
'POZIIBWIOOB-UOU "SA
‘looe ul uljeayp exoy
(2 Req) uppayp [ejoy <>
(¢ Aeq) utjeay6 oy

(LL = N) SIenpINpUl pauteAun ‘AUyesH

(LL=n)
S[eNpIApUl pautes; ‘AyesH

(9 = N os1o1ex8 'H)

(8 = N exodAH)
S[enpIAIpuUl pauleun ‘AyyeeH
(ce=N)

SJeaUIRIUNOW PaoUsLadxs ‘AUlesH
(0z = N) swolpuAs

oljoqeIBW UM SEENPIAIPUL 85800

sielp|os (0§ = N)
peziewjode g (0g = N) PezZieLuIjooe-UON

1s04-81d
Aunioe oixodAH “Ananoeul
OIX0dAH ‘AlAlOBUI OIXOWION
:(lon0-SS010D) suonIPUOd ©
(%171 = 20'4) HN Aep-91
1s04-0.d

JUsWIBUKUOD

OIXOWHON :[0J}U0D IBAO-SSOID)
(%S} ~ €0'9) HN Aep-01
1s04-8.d

‘as|olexa oIxodAy

‘exodAy :sdnoib g

(%6°€}+ = ¢0'4) HN Aep-01

¥ Reg—g Aeg—-e.id

W eSSy @ HH Aep-v

1s04-e.d
w0g9Z ® HH Aep-2

, Reg-z Reg—oeid
wooe'y ® HH Aep-/

"'SINY UM PaIeIoosSSE 10U Sem uolonpal unde (z1 Aeq) unds| 21 feg-| Aeg—-oid
7002 “[e 1e eleddeyz “sjone) uiide| seonpal epniie ybiy o} einsodx3y (1 Aeq) undsy t - (g} = N) senpiaipul ennoe ‘AyyesH wOoS0'S ® HH Aep-g L
sJoew

aouasaley

suoisnjpuo)

oluaboxalouy

sJayJew o1uabixalQ

sjuedioied

suipno Apmig

‘SJeMJew [euowloy olusbixaioue pue dlusbixelo J0sjes Uo sainsodxe spniie/oxodAy wiel-Buol Jo sjosye sy BuiebiseAul seipnis pa|j0Juod sy} woly sbulpul Aey | g 319V.L

May 2017 | Volume 8 | Article 366

Frontiers in Physiology | www.frontiersin.org


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Debevec

Hormonal Appetite Modulation in Hypoxia

food intake reduction. Interestingly they also noted higher CCK
responses in those suffering from AMS symptoms than those
without. Albeit this initial findings, subsequent study from the
same group conversely suggested that hypoxia might reduce
CCK levels if applied during acute exercise (Bailey et al., 2001).
This is congruent with the only two other remaining studies
on the topic suggesting that acute exposure to ~4,500m does
not alter CCK levels (Aeberli et al., 2013) and furthermore that
fasting and postprandial CCK levels might be reduced as a
consequence of 24-h exposure to ~3,500m (Riepl et al., 2012).
Regardless of the fact that, except for the study by Bailey et al.
(2001), all investigations were performed in the field scenarios
and might therefore be confounded by other terrestrial altitude-
related environmental factors, current evidence does not support
the notion that CCK plays an important role in hypoxia-related
appetite modulation.

Ghrelin is the only orexigenic gastrointestinal peptide that
was implicated in hypoxia-related appetite regulation. More than
a decade ago, Shukla et al. (2005) initially demonstrated that
acute exposure to terrestrial altitude (~4,300 m) reduces fasting
ghrelin although this decrease was not observed following 7
days of altitude residence. Although the exact mechanism of
hypoxia-related changes in ghrelin is unclear, the reduction of the
liver blood flow, due to reduced O, availability-induced blood
redistribution, and subsequent reduction in ghrelin acylation
might play a role (Bailey et al, 2015). Subsequent terrestrial
investigations provided further support for the altitude-induced
acute ghrelin reduction (Riepl et al., 2012) as well as for the
lack of changes following long-term altitude residence (Benso
et al., 2007). Two recent well-controlled studies performed in
normobaric hypoxia further showed that hypoxia per se can
significantly blunt circulating acylated ghrelin concentration
regardless of activity levels (Wasse et al., 2012; Bailey et al,
2015). In contrast, total ghrelin concentration did not seem to
change in response to seven (Morishima and Goto, 2016) or
twenty-four (Debevec et al., 2014) hour exposures to moderate
(FiO = 15.0%) or high (FiO, = 13.9%) simulated altitudes,
respectively. As suggested by Bailey et al, the discrepancies
in the acute findings are most probably a consequence of
measuring total in some and acylated ghrelin form in the
other studies. Regardless of the above, studies indicate that
ghrelin levels do not seem to be reduced following prolonged
exposures to normobaric hypoxia (Debevec et al., 2014, 2016;
Melgavic et al., 2016). No changes in total ghrelin were also
observed in obese individuals following 7-day exposure to
2,600m (Lippl et al, 2010). Taken together, hypoxia seems
to, at least acutely, blunt ghrelin levels and thereby directly
induce appetite reduction. However, the kinetics and long-
term hypoxia-induced ghrelin modulation remains currently
ambiguous.

HYPOXIA, EXERCISE, AND HORMONAL
APPETITE REGULATION

Very few studies to date examined the combined effects of
hypoxia and exercise on hormonal appetite regulation although

this approach seems promising for obesity treatment (Netzer
et al., 2008; Urdampilleta et al., 2012; Millet et al., 2016). Besides
the already mentioned acute investigations (Bailey et al., 2001;
Wasse et al., 2012), only two studies to date scrutinized the
influence of concomitant hypoxia and exercise training (4
weeks, three session per week) on select hormonal appetite
markers (Haufe et al., 2008; Morishima et al.,, 2014). Haufe
et al. (2008) did not find any additional effect of hypoxia
following 4-week training period on both leptin and adiponectin
concentrations although their data suggests that hypoxic as
compared to normoxic training can induce superior overall
metabolic adaptations. Similarly, Morishima and Goto (2016)
did not elucidate any hypoxia-dependent effect on fasting or
postprandial total ghrelin or leptin concentrations, while the
GLP-1 concentration tended to be lower following hypoxic as
compared to normoxic training. Also, no additional effect of
daily moderate intensity exercise training during 10-day hypoxic
confinement was observed on postprandial total ghrelin, PYY
and GLP-1 concentrations (Debevec et al., 2014). Collectively,
the data from acute and prolonged investigations combining
hypoxia and activity do not provide support for importance
of activity levels in hypoxia-related hormonal appetite
modulation.

CONCLUSIONS

The reviewed data, pertinent to altitude/hypoxia-related
hormonal appetite regulation suggests that acutely, exposure
to hypoxia can reduce acylated ghrelin concentration and
thereby decrease appetite. Hypoxia-related short and long-
term changes in other hormonal markers are more unclear
although hypoxia seems to importantly modulate leptin
levels, especially following prolonged hypoxic exposures.
The lack of any significant effects of hypoxia on both total
PYY and GLP-1 might suggest that they are not crucial in
hypoxia-related appetite regulation. Limited investigations
regarding the combined effects of hypoxia and exercise
also indicate that different activity levels during hypoxic
exposures, do not seem to additively affect hormonal appetite
markers.

Given the complexity of hormonal appetite regulation (Coll
et al., 2007) and the potential influence of other (environmental)
factors, future studies should aim at appropriate standardization
of the procedures and strict control of potential confounding
factors. This is especially important for long-term investigations
which are crucial for expanding our understanding of the time
and hypoxic-dose dependent changes in appetite hormonal
markers. Indeed, while up-to-date studies provided some
evidence regarding both acute and prolonged effects of
hypoxia on select markers the time course and kinetics
(i.e., acclimatization effect) of these markers has yet to be
investigated. Furthermore, potential differences in hormonal
appetite modulation responses to repeated acute hypoxic
exposures (e.g., few hypoxic sessions per week), as opposed
to continuous prolonged exposures are currently unclear and
worthy of a study. It is also important to note that hypobaric and
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normobaric hypoxia have previously been shown to differentially
affect select cardiorespiratory and hematological parameters
(Faiss et al., 2013). Accordingly, potential independent effect
of hypobaria and hypoxia on hormonal appetite markers
should be considered and further explored. Collectively,
future well-controlled acute and prolonged studies are
warranted to expand our understanding of hypoxia-induced
hormonal appetite modulation and its kinetics in health and
disease.
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