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ABSTRACT 

Mammals that face severe seasonal environmental changes, such as overwintering in boreal 

and subpolar regions, must have mechanisms to cope with fluctuating food availability and 

changes to their energy balance – energy inflow and expenditure. This literature review aimed 

to compile and evaluate research into these mechanisms, specifically the hormonal regulation 

by ghrelin and leptin of appetite and energy reserves, in three different behavioural strategies. 

For winter-active strategists, such as the arctic fox, ghrelin levels are generally lower in winter 

compared to the rest of the year, but not as one would expect higher in autumn (when food 

intake is at its maximum). Leptin does not fulfill its proposed function as a satiety factor, as its 

expected negative effect on appetite is absent even at maximum plasma levels in autumn – it 

does however seem to function as a body adiposity indicator when energy reserves are being 

replenished. On the other hand, in wintering mammals such as the raccoon dog, both ghrelin 

plasma levels and appetite peak in autumn. During mild winters, when the raccoon dog remains 

active, ghrelin too remains high, while in harsher winters ghrelin drops to relatively low levels 

as the individual enters winter sleep. Leptin seems to function largely the same as in winter-

active strategists – the satiety-stimulating effect is bypassed, its primary purpose in adiposity 

monitoring. For hibernators such as grizzly bears, ghrelin clearly follows seasonal patterns as 

levels gradually increase throughout spring and summer, peaking in late autumn. These then 

drop to extremely low levels during hibernation – possibly contributing through more than just 

appetite control. Leptin seems inconsequential to hibernators, as levels remain high throughout 

the year. Summarily, hormonal regulation of energy balance operates on a species-specific 

level, but the roles and relative importance of ghrelin and leptin are potentially dependent on 

which behavioural strategy is employed. 

• Keywords Seasonal mammals, hormonal regulation, energy balance, ghrelin, leptin 

ABSTRACT (SE) 

Däggdjur som står inför säsongsbundna miljöförändringar, så som de som övervintrar i boreala 

och subarktiska områden, måste inneha mekanismer för att hantera svängningar i födotillgång 

och förändringar i deras energibalans – intag och förbrukning av energi. Denna översiktsartikel 

avser att sammanställa samt utvärdera studier om dessa mekanismer, specifikt den hormonella 

regleringen genom ghrelin och leptin av aptit och energidepåer, indelat i tre kategorier 

beroende på beteendemässig strategi. För vinteraktiva strateger som fjällräven, är ghrelinhalter 

allmänt lägre under vintern jämfört med resten av året, men ej som man kunde förväntat sig 

högre under hösten (när födointag är som högst). Leptin uppfyller inte sin föreslagna primära 

funktion som mättnadsfaktor, då dess förväntade inverkan över aptit saknas vid maximala 

blodhalten under hösten – hormonet ter sig dock fungera som kroppsfettindikator när 

energidepåer blir förnyade. Å andra sidan, i vinterpassiva djur som mårdhunden är både aptit 

och ghrelinhalter som högst under hösten. Under milda vintrar, när mårdhunden är aktiv  är 

dessa hormonhalter fortsatt höga, men om vintervädret försämras sjunker halterna till relativt 

låga nivåer samtidigt som  mårdhundens går i vintervila. Leptin ter sig fungera i det stora hela 

på samma sätt som hos vinteraktiva strateger – dess mättnadsstimulering kringgås, och 

hormonets huvudsakliga syfte är i kroppsfettövervakning. För hibernatorer (eng. hibernators) 

som grizzlybjörnen följer ghrelin ett tydligt säsongsbundet mönster, då plasmahalter gradvis 

ökar under våren och sommaren, når sin höjdpunkt under sen höst,  innan dessa sjunker till 

extremt låga halter under björnens hibernation. Hormonets roll är potentiellt mer 

mångfacetterad än ren aptitkontroll. Leptin ter sig vara oviktigt för hibernatorer, då hormonets 

reglering av energibalans verkar vara obefintlig. Sammanfattningsvis agerar hormonell 

reglering av energibalans på en artspecifik nivå, och ghrelin och leptins roller samt relativa 

betydelse är potentiellt beroende av vilken beteendemässig strategi som utövas. 
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INTRODUCTION 

Seasonal changes in the environment, such as in temperature or food availability, is a 

challenge mammals must withstand to maintain enough energy for their demands and 

ultimately survive. The hormonal regulation that allows mammals to cope with seasonal 

changes in food availability is poorly understood. Energy balance, and its regulation through 

appetite and energy stores, is key to animals living in for example the arctic and boreal regions 

and two important regulators in this are the hormones ghrelin and leptin. Most of our 

knowledge about these hormones come from studies on humans and laboratory rodents, as 

only a limited amount of research has focused on wild mammals in natural environments. This 

review aimed to describe the biology behind both hunger-inducing ghrelin and satiety-

stimulating leptin, and how they enable mammals to go through seasonal fluctuations to their 

appetite and adiposity in nature. Understanding how energy balance is regulated in the wild 

is key to fully unravel the functions and adaptive values of these hormones.  

A seasonal lifestyle: the northern winter 

In focus for this review are mammals who 

endure the extreme winter months of the 

subpolar and boreal regions of the northern 

hemisphere – where food availability 

drastically changes between the seasons. As 

a general guide, bearing regional variation 

in mind, the climate of these regions are 

characterized by mild, bountiful summers 

and cold, harsh winters, with moderate to 

heavy snowfall a common occurrence 

(Bogren et al, 1999). In winter, vegetation 

consists largely of evergreen trees, which 

leads to a severe reduction in hunting and 

foraging opportunities, as large sections of 

the local trophic webs go into hiatus for 

several months each year (Sadava et al, 

2014). This means animals will to varying 

degrees have to survive the winter on stored 

energy reserves accumulated during the 

previous summer and autumn.  

Adaptive challenges of overwintering in 

temperate climates  

A limited food availability presents an 

ecological pressure for behavioural 

strategies to evolve – mammals can either 

remain active and continue foraging, or go 

into winter sleep, i.e. enter hibernation. In 

addition to these two, there is also the more 

flexible approach of ‘wintering’, in which 

the individual will either remain active or 

hibernate depending on relatively short-

term conditions. Each strategy brings its 

own advantages as well as challenges – 

while hibernation may entail less energy 

expenditure and exposure to the elements 

during winter, it necessitates a much higher 

activity in pre-hibernation, in order to stock 

up sufficient energy stores to survive a long 

period without food (Begon et al, 2007). On 

the other hand, the opposite is true for 

winter-active species – since they may not 

have to preemptively accumulate energy 

reserves to the same degree as hibernators, 

they instead need to successfully find food 

while exposed to the severe winter 

conditions. This behavioural, strategic 

trade-off ultimately comes down to how 

energy balance is managed. 

The physiology of energy balance 

In mammals, homeostatic mechanisms 

normally regulate the internal environment 

to maintain a steady level on or near a 

certain set point, such as homeostatic 

thermoregulation keeping the body 

temperature more or less constant (Sadava 

et al, 2014). In contrast to this, it would 

appear that energy balance, or energy 

homeostasis, may at any given moment be 

in equilibrium or in disequilibrium 
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depending on both external and internal 

conditions (Harris, 1990). The dynamics of 

energy balance, and more importantly the 

hypothalamic response to these changes, 

are vital for an individual’s survival 

(Morton et al, 2014) – for example in 

prolonged periods of consistently low food 

availability, such as in winter. 

In anticipation of, and during, these times 

the hormonal regulation of appetite and 

energy stores is essential, and as energy 

balance is a key aspect of metabolism for all 

animals it is necessary to explore this 

concept to grasp how mammals cope with 

the extremes of their environmental cycles. 

Energy balance describes the coordinated 

homeostatic regulation of energy inflow and 

outflow, where inflow refers to the intake of 

food and fluids, and outflow to energy 

expenditure through which energy is lost by 

work and generated heat (Frayn, 2013). The 

net result of these processes is reflected in 

body weight (Harris, 1990). The process 

can thus be modelled as; 

Energy intake = Energy expenditure + 

Change in stored energy mass (Frayn, 

2013) 

Energy balance is primarily regulated via 

the hypothalamus, acting as central hub 

through which information about the 

current state of the animal’s stored energy 

reserves is transmitted along with other 

incoming signals. The hypothalamus 

processes and integrates this array of 

biochemical signals – notably (for the 

purpose of this review) leptin and ghrelin 

(Klok et al, 2007). Summarized (fig 1), 

 

 

 

 

 

 

 

energy or food intake can be stimulated by 

hunger signaling from circulating ghrelin 

(Kojima et al, 1999). Energy expenditure, 

in turn, is regulated by adjustments in the 

proportion of energy going to ATP-

production, short-term heat loss, glycogen- 

and/or fat storages (Murphy & Bloom 

2006), and can be increased via 

downstream signaling triggered by the 

hormone leptin (Elmquist et al, 1999). But 

in order to explore how ghrelin and leptin 

regulate energy balance in seasonal animals 

in nature, we must first describe the 

mechanisms of these hormones as they 

have come to be understood through studies 

on humans and rodents under laboratory 

conditions. 

Ghrelin, the ‘hunger’-hormone 

Named after the discovery of it being a ligand for the Growth Hormone-receptor in 1999 

(Kojima et al, 1999), ghrelin (of Proto-Indo-European “to grow”: Ghre-) has since garnered 

more attention after the discovery of its appetite-inducing function (see Tschöp et al, 2000), 

hence its denomination as the ‘hunger’-hormone. But in addition to this, ghrelin is also a 

mediator in a number of other pathways, such as the modulation of lipid and glucose 

metabolism (Müller et al, 2015), the sleep-wake cycle (Tolle et al, 2002), as well as reward 

cognition and behaviour (Dickson et al, 2011). This makes ghrelin a key player in metabolism 

as a whole, with functions far broader than befitting its popular designation. 

This review however, will focus on ghrelin’s regulation of appetite and feeding behaviours. 

Figure 1: The core processes within the hypothalamus 

that regulate mammalian energy balance – hormonal 

signaling by either ghrelin or leptin leading to adjust-

ments to energy inflow, expenditure and reserves. 
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Ghrelin cells & posttranslational 

activation by GOAT 

Under (short-term) fasting conditions, as 

hunger signaling is increasingly needed to 

promote food intake and thus maintain 

energy homeostasis, ghrelin is secreted 

from enteroendocrine cells called ‘ghrelin 

cells’ into the bloodstream (Kojima & 

Kangawa, 2005). These cells are primarily 

found in the stomach lining and duodenum, 

but also the jejunum, pancreas, and kidneys 

among many more (Müller et al, 2015). The 

exact molecular mechanism through which 

the activity of ghrelin cells increases is 

unclear, but experimentally altered levels in 

mice suggests that the neurotransmitter 

norepinephrine acts directly on the cells, 

thereby promoting secretion (Zhao et al, 

2010). As ghrelin is secreted from the 

increasingly food-deprived stomach, 

plasma levels rises until and peaks right 

before food intake, after which secretion is 

inhibited and plasma levels decreases 

(Cummings, 2001).  

However, before ghrelin can become active 

(as an appetite inducer) it must first undergo 

a posttranslational modification in which 

octanoic acid is linked to what is at this 

stage unacylated ‘desacyl ghrelin’. The 

addition of this sidechain only occurs on the 

cell membrane of ghrelin cells in the 

stomach and pancreas (Gutierrez et al, 

2008) via the enzyme ‘ghrelin O-

acyltransferase’, GOAT, which mRNA 

expression is exclusive to these organs 

(Yang et al, 2008). While desacyl ghrelin 

also mediates a number of metabolic 

processes (Müller et al, 2015), it is only 

ghrelin which has been modified by GOAT 

that activates the hypothalamic GHS-R 

receptor, through which the hunger 

signaling pathway is initiated (Gutierrez et 

al, 2008). 

The GH-secretagogue receptor GHS-R 

As ghrelin circulates throughout the body, 

it stimulates the ‘Growth Hormone 

Secretagogue’-receptor, GHS-R 1a, which 

is present in many different tissues, both 

central and peripheral, but noteworthy in 

the context of appetite control are the 

gastrointestinal tract, the anterior pituitary 

gland, and the hypothalamic arcuate 

nucleus (Müller et al, 2015). In the latter, 

GHS-R 1a can be found on two types of 

neurons in particular, both of which are 

essential for ghrelin’s regulation of appetite 

(fig 2) –  neuropeptite Y, NPY, and Agouti-

related protein neurons, AgRP (Chen et al, 

2004). 

 

 

 

 

 

 

 

 

NPY mediates a number of hypothalamic 

processes and has been found to be one of 

the most potent appetite-regulating 

neuropeptides – regardless of circulating 

ghrelin levels, if NPY neurons aren’t 

stimulated by the activation of GHS-R the 

hunger response will not commence 

(Schwartz et al, 2000). AgRP too functions 

as an appetite-inducer, although the exact 

mechanism by which it does so is unclear. 

It appears to function as an inverse agonist 

of melanocortin receptors, MC4R (Jackson 

et al, 2006), by blocking the ligand binding 

of another peptide hormone: melanocyte-

stimulating hormone, α-MSH, which 

binding would otherwise stimulate satiety 

(Ollman et al, 1998). 

Figure 2: Release and modification of ghrelin followed 

by activation of GHS-R on NPY and AgRP neurons in 

the hypothalamus, resulting in hunger signaling. 
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Appetite & feeding behaviours 

As ghrelin plasma levels and subsequent 

hunger signaling increases, so does several 

feeding and food-seeking behaviours. 

Ghrelin injections have been shown to 

result in increased appetite in a dose-

dependent manner. The more ghrelin is 

injected the more frequently the individual 

will eat, rather than there being an increase 

in meal size (Faulconbridge et al, 2003). 

Studies in rats also show that when ghrelin 

is injected the animal will display 

heightened motivation to feed, through a 

number of different behaviours – increased 

sniffing, foraging for and hoarding of food 

(Skibicka et al, 2011).  

However, as body adiposity increases, 

ghrelin plasma levels decreases – in other 

words overall appetite is thought to 

negatively correlate to total body adiposity 

(Müller et al, 2015). The causal process 

behind this remains as of yet unknown, but 

it is thought that ghrelin may interact with 

leptin, which has been shown to inhibit 

ghrelin-responsiveness of both AgRP and 

NPY (Hewson et al, 2002). Thus it is 

possible that ghrelin’s hunger stimulation is 

negated by satiety-inducing leptin, although 

investigations into the extent of this 

possible co-dependence between the 

ghrelin and leptin systems have yielded 

conflicting results (Klok et al, 2007). 

Leptin, the ‘energy expenditure’-hormone 

The ‘energy expenditure’-hormone leptin (of Greek “thin”: leptos) was officially identified in 

1994, following the discovery of the Ob(lep)-gene (Zhang et al, 1994) after four decades of 

research into obese mouse models carried out at several different institutes. The discovery of 

the leptin-encoding gene was swiftly followed by the identification of its hypothalamic receptor 

in 1995 (Tartaglia et al, 1995). 

Adipocytes – main producers of leptin  

Leptin is produced and secreted from 

adipose cells, or adipocytes, which are 

primarily located in white adipose tissue, 

WAT, (Zhang et al, 1994) but also in a large 

number of other tissues, such as brown 

adipose tissue, enterocytes, and skeletal 

muscles (Wang et al, 1998). The fat cell-

specific leptin (i.e. leptin produced in 

WAT) is however predominant amongst 

these, due to the positive correlation in 

which a linear increase of WAT yields an 

exponential increase of circulating leptin 

plasma concentration (Lönnqvist et al, 

1995). When leptin is secreted from these 

adipocytes the hormone will both activate 

as well as mediate a number of metabolic 

and other physiological processes 

throughout the body, by its binding to the 

leptin receptor. 

The leptin receptor LEP-R 

The leptin receptor (LEP-R, or OB-R) is a 

transmembrane cytokine receptor, located 

on the cell membrane of a huge number of 

various cells, including those found in the 

hypothalamus (Schwartz et al, 2000). 

Leptin receptors are also found on cells 

involved in other major physiological 

systems, such as the immune- (Fantuzzi & 

Faggioni, 2000) and reproductive systems 

(Comninos et al, 2014), bone metabolism 

(Ducy et al, 2000), as well as the 

hippocampus – in which leptin treatment 

has been shown to enhance memory and 

learning (Forny-Germano et al, 2019). In 

addition to this, many other metabolic 

processes are mediated in some way by 

leptin – e.g. release of growth hormone, 

insulin and glucagon (Margetic et al, 2002). 

Such a wide array of functions and target 

cells can be explained by there being six 
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different leptin receptor types, all encoded 

by the same Ob(lep)-gene. As for leptin’s 

role in energy balance; when leptin 

receptors of the Ob-Rb isoform, only found 

in hypothalamic nuclei (Wang et al, 1996) 

are activated a number of central effects 

occur, all pertaining to the regulation of 

adipose tissue mass – notably through 

appetite and food energy use.  

Satiety stimulation & hunger inhibition 

Leptin’s downregulation of appetite occurs 

through two major neural pathways (fig 3) 

– hunger inhibition and satiety stimulation. 

 

 

 

 

 

 

 

 

 

Hunger inhibition is stimulated in the 

lateral hypothalamus (Elias et al, 1999) 

through the ligand binding of leptin to NPY 

neurons, decreasing their activity and 

counteracting the afore-mentioned hunger-

stimulating effects by ghrelin (Elmquist et 

al, 1999). Satiety stimulation occurs in the 

medial hypothalamus, where activation of 

leptin receptors will promote synthesis of 

melanocyte-stimulating hormone α-MSH 

(via MC4R; Fekete et al, 2000), a peptide 

which serves several energy homeostatic 

functions, e.g. stimulating the feeling of 

satiety (Elmquist et al, 1999). 

Leptin as an adiposity signal 

The function of the connection between 

adiposity and appetite is related to what  

predominantly dictates leptin plasma 

concentration: adipose tissue mass. As 

acquired energy is assimilated into fat 

stores, the amount of leptin released into the 

bloodstream increases as well (Schwartz et 

al, 2000). The sensation of satiety 

discourages the individual from eating 

while any excess energy is stored in fat 

reserves (as described in the ‘Energy 

inflow/outflow’-equation, pg. 4; Frayn, 

2013). This will continue until hunger 

signaling sets back in, and if the individual 

doesn’t hunt or forage for food 

successfully, energy balance will shift to 

burning through the very same fat reserves, 

which along with leptin plasma 

concentration will diminish over time 

(Schwartz et al, 2000) – the individual finds 

themself in a state of constant hunger, or 

starvation. As such, leptin also serves a 

secondary function to energy balance – a 

peripheral signal of current adipose energy 

reserves. 

STUDY AIM 

The study aim was to investigate the endocrine mechanisms underlying adaptations required 

to cope with changes in food availability for seasonal mammals in their natural environments  

through a literature survey. The objectives were to (1) identify species which could serve as 

representatives of different behavioural overwintering strategies, (2) describe these species, 

and (3) analyze current knowledge about the roles ghrelin and leptin play in these different 

adaptations. Thus, the scientific question addressed was:  Which are the underlying roles and 

functions of the hormones ghrelin and leptin that enable mammals (with different behavioural 

responses) to cope with circannual fluctuations to their energy balance in response to seasonal 

environmental changes?  

Figure 3: The neural pathways of hunger inhibition by 

activation of LEP-R on NPY neurons, and satiety 

stimulation by promoting α-MSH synthesis via MC4R,  

as mediated through the hypothalamus. 
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METHOD 

This study consists in its entirety of a literature review, through which previous studies on the 

endocrinology of seasonal animals has been evaluated and compiled. The literature search and 

collection was initially done using the digital archives of University of Gothenburg Library, 

and later expanded to Google Scholar, as well as through the reference compendiums of a few 

literature reviews on related topics. The search was based on multiple keyword-searches, using 

pairwise combinations of search queries for: “seasonal”, “leptin”, “ghrelin”, “energy balance”, 

and/or “hibernation”. Articles on wild animals were prioritized but due to a lack of literary 

material farm-bred animals eventually came to be included, provided the article in question 

studied hormone levels across several seasons, and the animals were kept in some manner of 

seasonally changing environment, be it artificial or (preferably) natural. 

The species were selected based on the amount of available literature, with the criterion that 

they were known to undergo significant changes in energy metabolism as a seasonal response 

in nature. The following species came to be the focal point of the research – arctic fox (Alopex 

lagopus), Eurasian raccoon dog (Nyctereutes procyonoides), and the grizzly bear (Ursus arctos 

horribilis). Supplementary searches for articles on hibernating animals was deemed necessary, 

as studies on hormone levels were limited. These searches utilized the keyword “hibernation”, 

in combination with queries for various members of the genus Ursus sp., such as “Ursus 

americanus” or “Ursus arctos”, as well as the aforementioned keywords – this led to the grizzly 

bear (U. a. horribilis) becoming the primary representative of the hibernating strategy, 

alongside a few other small-bodied hibernators as well. 

RESULTS & DISCUSSION 

THE WINTER-ACTIVE STRATEGY 

The winter-active strategy refers to animals 

which remain active throughout the winter 

– they forage or hunt to maintain their 

energy balance despite the low food 

availability and overall challenging 

conditions. This strategy is exemplified by 

species such as the arctic fox (Alopex 

lagopus), and is employed by many other 

carnivorous species as well, for example 

wolves (Canis lupus) and wolverines (Gulo 

gulo). However, this review will only 

present data using the arctic fox as a model. 

The annual cycle for a winter-active species 

(in this case, a predator) can read as follows. 

As a habitant found across most of the 

Arctic tundra (Angerbjörn & Tannerfeldt, 

2014) this small-bodied fox species will 

endure what can be considered amongst the 

harshest of environments on the planet. 

Through much of both its anatomy and 

behaviour, it is well-adapted to life on the 

tundra though – the prevention of heat loss 

is a recurring theme. Its short, stocky build 

makes for a low surface area to volume 

ratio, the thick fur coat of the winter morph 

provides excellent insulation, and the short 

ears and furry soles further keeps heat loss 

from these extremities to a minimum 

(Prestrud, 1991). Spring is dedicated to den 

maintenance and breeding, while in 

summer and autumn most buildup of fat 

reserves takes place, through the fox’s 

rigorous hunting, and in years of food 

abundance; stockpiling of surplus food in 

various caches strewn across the 

individual’s territory. The arctic fox’s 

primary prey species is lemmings (Lemmus 

sp.), but as an opportunistic hunter it will 
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predate on many other small-bodied species 

if opportunity presents itself – voles, seal 

pups, fish and seabirds to name a few 

(Angerbjörn et al, 2012). During the winter 

months, locomotive activity drops 

compared to the rest of the year (Prestrud, 

1991), and the fox maintains its energy 

requirements through scavenging prey off 

of other predators, as well as the 

aforementioned food caches. 

The following sections are primarily based 

on data from two studies (Fuglei et al, 

2004; Mustonen et al, 2005) on the arctic 

fox, see table 1 for summary of results.  

Ghrelin – a fluctuating enigma in 

winter-active mammals 

In a study on farm-bred foxes (by Mustonen 

et al, 2005), which used 48 individuals and 

ran over the course of a year, ghrelin plasma 

levels fluctuated widely from day to day in 

the autumn period, but remained relatively 

high overall, akin to similarly high levels 

recorded during the summer season. 

Indeed, in autumn, ghrelin levels varied 

more on a daily basis than they did between 

autumn and the rest of the year, with the 

exception of winter – in the latter half of 

which there was a marked decrease in 

plasma concentration, along with voluntary 

food intake. Plasma levels were on average 

higher in summer than in winter, and 

responded more negatively to fasting in the 

former; in other words ghrelin levels 

decreased in response to food deprivation, 

and to a higher degree in summer.  

Noteworthy is also a negative correlation 

between plasma ghrelin and free fatty acid 

levels found in the ‘blue fox’ during 

imposed fasting, which suggests an 

increase in fat utilization during food 

deprivation. This study (by Fuglei et al, 

2004) used 8 wild individuals, which were 

confined to their respective capture area for 

up to three years, keeping the wild foxes 

attuned to their natural environment. The 

increase in fat utilization is likely a result of 

changes in lipid metabolism, by the low 

ghrelin levels allowing for increased 

lipolysis of energy reserves (in 

subcutaneous fat), and subsequently there is 

an increase in free fatty acid plasma levels 

(rodents; Tschöp et al, 2000). However, it 

is important to note that the large variation 

in ghrelin concentration, even between 

days, leaves room for a lot of uncertainty in 

its long-term, seasonal influence in 

hormonal regulation. As such, outside of 

winter, ghrelin’s exact role and relative 

importance for the energy balance of the 

arctic fox remains obscure. 

Leptin – an adiposity indicator in 

winter-active mammals 

In the aforementioned study on farm-bred 

animals, voluntary food intake and 

subsequently white adipose tissue (WAT) 

mass increased during autumn (Mustonen

Table 1 

Summary of relative changes in body adiposity as well as ghrelin and leptin 

plasma levels between seasons in the arctic fox (A. lagopus). Based on data 

from Fuglei et al, 2004; Mustonen et al, 20051.  

Relative change Summer Autumn Winter Spring 

Adiposity ↑ ↑ ↓ → 

Ghrelin ↑ →(↑↓)2 ↓ ↑ 

Leptin1 ↑ ↑ ↓ → 
2 Fluctuating between intermediate to high levels (Mustonen et al, 2005). 
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et al, 2005). Simultaneous with the increase 

in body adiposity, leptin plasma levels 

increased as well. This supports the notion 

of leptin’s role as an indicator of body 

adiposity, but it can also be noted that 

despite the high levels of circulating leptin 

towards the end of autumn the arctic foxes 

appetite was not diminished.  

Therefore it is likely that leptin does not 

function as a satiety factor for this species, 

at least not during the autumnal fattening 

period, in which it is vitally important to 

accumulate WAT for as long as conditions 

permit. For the remainder of the study 

period, from winter until the end of spring, 

both body mass and leptin levels decreased 

over time (the latter of which reached its 

lowest recorded value at this time; 

Mustonen et al, 2005) as WAT energy 

reserves were gradually mobilized, further 

supporting leptin’s role as an indicator of 

body adiposity (i.e. energy reserves). 

Another study, in which wild individuals 

were used there were no clear changes in 

leptin plasma levels between summer and 

winter (Fuglei et al, 2004) despite the 

months in which sampling occurred, May 

and November, being associated with the 

times at which the arctic fox body adiposity 

reaches its respective extreme values (6% 

in June-July, and 20% in November-

December; Prestrud & Nilssen, 1992). In 

other words – leptin plasma levels are not 

necessarily an indicator of body adiposity 

in arctic foxes, as these can not always be 

correlated to adipose mass. 

However, while leptin levels were un-

affected by imposed fasting (as seen in 

humans and rodents; Schwartz et al, 2000) 

there was a marked increase a few days into 

the subsequent re-feeding periods (Fuglei et 

al, 2004), which suggests leptin could still 

function as an adiposity indicator in times 

when energy reserves are being 

replenished. If so, this would also explain 

why in the formerly mentioned study (by 

Mustonen et al, 2005) the increasing WAT 

mass could be observed along with 

increasing leptin plasma levels. 

THE WINTER-PASSIVE 

(WINTERING) STRATEGY 

The winter-passive strategy, also referred to 

as wintering, is a fascinating annual cycle, 

in which the individual will choose on a 

near weekly basis whether to remain 

winter-active or enter a superficial state of 

hibernation (referred to as winter sleep), 

dependent on current given environmental 

conditions. The most well-researched 

practitioner of this strategy is the wild 

raccoon dog (Nyctereutes procyonoides), 

an invasive species whose success is likely 

a result of its flexible and readily adaptive 

nature (Mustonen & Nieminen, 2018).  

Originally hailing from eastern Asia, the 

raccoon dog is today also found across the 

northern, eastern and central parts of 

Europe following its introduction to several 

regions of the former Soviet Union, in order 

to support and expand fur trade (Kauhala, 

1996). This review will however focus on 

the physiology of individuals found in the 

northern boreal areas, disregarding the 

raccoon dog’s southward expansion. In the 

northern ranges of its territorial expansion, 

the raccoon dog will exhibit the typical 

behaviour of a wintering species – 

alternating between being winter-active in 

mild weather, and withdrawing to its den to 

sink into an extended winter sleep when the 

weather turns particularly harsh and cold 

(Mustonen & Nieminen, 2018). As an 

opportunistic omnivore, it subsists on a 

large, varied diet – be it through scavenging 
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carcasses, plant material or by hunting 

small animals: insects, rodents, amphibians, 

birds and fish to name a few (Sutor et al, 

2010). It does not rely on any food source 

in particular; yet another trait allowing for 

the species successful spread into new 

lands. This voracious appetite is consistent 

throughout the raccoon dog’s active periods 

– from early spring and into late autumn, as 

well as in its active periods during mild 

winter weather (Asikainen et al, 2004).  

This opportunistic and dynamic behaviour 

allows the raccoon dog to retreat to one of 

several dens for extended periods of time 

whenever weather conditions turn harsh 

enough that remaining active is no longer a 

viable option: relying solely on 

accumulated energy reserves obtained 

during its autumnal fattening (Asikainen et 

al, 2004). These bouts of winter sleep can 

range from just a few days to several weeks, 

lasting until the weather turns milder, or if 

necessary – food deprivation finally forces 

the individual to rouse itself (Mustonen 

et al, 2007) despite the potentially 

unfavorable conditions. 

The following sections are primarily based 

on data from two studies (Asikainen et al, 

2004; Nieminen et al, 2002) on the raccoon 

dog, see table 2 for a summary of results.  

Ghrelin – (sometimes) a hunger 

stimulator in wintering mammals 

The dynamic nature of the wintering 

strategy is reflected in the raccoon dogs’ 

ghrelin plasma levels, with several studies 

yielding what initially could be interpreted 

as conflicting results. But when scrutinized 

further a pattern emerges – it comes down 

to whether the sampled individuals winter 

slept or not, as this affected ghrelin plasma 

levels during the winter season. Regardless 

of which wintering tactic is employed, 

ghrelin plasma levels were generally high 

during summer and with the highest levels 

recorded in autumn. As for during milder 

winters ghrelin plasma levels were on 

average unchanged from those observed in 

the previous season (Asikainen et al, 2004), 

while in harsher conditions (when the 

raccoon dog entered winter sleep), the 

hormone would drop to relatively low 

levels (Nieminen et al, 2002).  

These findings are in line with farm-bred 

individuals, which do not winter sleep, 

while no significant seasonal variation is 

found in the 37 wild raccoon dogs used (by 

Asikainen et al, 2004) for their study, which 

ran over the course of two years. However, 

the researchers attribute this lack of 

variation to a much lower annual variation 

in body mass, compared to that of farm-

raised individuals. It is also noteworthy that 

although farm-bred individuals do not 

winter sleep, in the 6-months long study (by 

Nieminen et al, 2002) the 32 individuals 

studied were found to decrease their 

voluntary food intake during winter – this 

despite the largely unchanged ghrelin 

plasma levels from autumn, during which 

voluntary food intake is at its highest 

(Asikainen et al, 2004).  

Leptin – an adiposity signal & passivity 

contributor in wintering mammals 

The role of leptin in wintering animals 

seems to be largely the same as for arctic 

foxes (Leptin – an adiposity indicator in 

winter-active mammals, pg. 9) as plasma 

levels positively correlate to total adipose 

mass throughout the year. Leptin levels 

increase to peak levels in summer and 

autumn (Nieminen et al, 2002) while the 

lowest levels are recorded in late winter and 

early spring (Nieminen et al, 2002; 

Asikainen et al, 2004). Despite the high 

levels in late summer and onwards, the  
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Table 2 

Summary of relative changes in body adiposity as well as ghrelin and leptin 

plasma levels between seasons in the raccoon dog (N. procyonoides).  

Based on data from Asikainen et al, 2004; Nieminen et al, 2002. 

Relative change Summer Autumn Winter Spring 

Adiposity ↑ ↑ ↓  

Ghrelin ↑ ↑1 2 →1, ↓2  

Leptin3 ↑ ↑ →↓ → 

1 Winter-active individual: unchanged from autumn (Asikainen et al, 2004). 
2 Winter sleeping individual: drop to relative low level (Nieminen et al, 2002). 

raccoon dog’s appetite does not decrease, 

indicating that leptin does not function as an 

anorectic factor for this species, but rather 

to indicate adipose mass. This is at least the 

case in autumn. One explanation may be 

that the raccoon dog experiences seasonal 

fluctuations in leptin sensitivity (sheep; 

Clarke et al, 2001). As stated earlier, 

ghrelin plasma levels remain high in winter-

active individuals, but despite this 

voluntary food intake is decreased. It is 

possible that the high leptin levels in winter 

could contribute to overruling the appetite-

signaling of ghrelin during this time.  

Satiety stimulation could also contribute to 

the passivity the raccoon dog displays 

during its bouts of winter sleep, thus 

promoting its behavioural inactivity 

(Asikainen et al, 2004). A potential route 

for this to occur is via the downregulation 

of NPY- and AgRP-neurons, inhibiting 

hunger signaling despite fasting conditions 

(Appetite & feeding behaviours, pg. 6; 

Hewson et al, 2002). On a speculative note, 

this could explain how the raccoon dog is 

raised from its passive state in spring, as 

well as when prematurely raised by 

depleted energy reserves following a 

prolonged winter sleep period, as the 

diminished energy reserves at this point 

would not secrete enough leptin to inhibit 

hunger signaling (Schwartz et al, 2000). 

THE HIBERNATING STRATEGY  

The hibernating strategy barely needs 

introduction; hibernating mammals spend a 

substantial portion of the year secluded in 

their den, largely in an unconscious state, 

relying solely on energy reserves 

accumulated in the months running up to 

the hibernating stage. To exemplify this 

strategy, the grizzly bear (Ursus arctos 

horribilis) will primarily be used. This 

species of bear belongs to a peculiar genus 

among large mammals, as Ursus is 

potentially the most famous group of 

hibernators on the planet – despite bears not 

actually being ‘true hibernators’, due to the 

lack of a significant drop in body core 

temperature required to be determined as 

such (Dark, 2005). This is what makes 

bears such excellent models for studies 

exclusively focused on seasonal appetite 

and energy stores though, as their 

metabolism is less affected by thermo-

regulation compared to that of other 

hibernators. However, to complement this, 

the energy balance of a few other ‘true’ 

hibernators will be discussed as well. 

A subspecies of the brown bear (Ursus 

arctos), ‘grizzlys’ are found across the 

northern parts of North America. The diet is 

omnivorous, although preferential towards 

high-protein prey; including fish, bird eggs, 

and mammals – even large species such as 

moose and caribou.  
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This diet will be supplemented by foraging 

plants, berries and even insects (Mattson et 

al, 1991). Grizzly bears spend between 4-6 

months per year secluded in their den, a 

time in which the individual’s physical 

activity is minimal – abstaining from 

eating, drinking, and defecating (Gardi et 

al, 2011). The bear’s energy balance is 

fueled entirely by fat reserves (losing up to 

20-25% of their body mass; Nelson & 

Robbins, 2010) during the hibernation 

period, and further maintained by a 

decrease in body temperature as well as 

metabolic rate (Gardi et al, 2011).  

The following sections are based on data 

from one study (Gardi et al, 2011) on the 

grizzly bear, see table 3 for summary of 

results, as well as three additional articles 

(Dark, 2012; Florant & Healy, 2012; 

Szentirmai et al, 2009) on ghrelin and/or 

leptin in other hibernating mammals.  

Ghrelin – a highly influential 

component in hibernating mammals 

In contrast to the winter-active and 

wintering strategists, the changes to ghrelin 

plasma levels are much clearer between 

seasons in hibernators. In grizzly bears, 

ghrelin has been shown to gradually 

increase during the active period in summer 

and autumn, until it peaks in pre-

hibernation (in late autumn). As the bears, 

consisting of 10 individuals studied over a 

two-year period (by Gardi et al, 2011) 

entered hibernation, plasma levels dropped 

to an extreme low, and remained low 

through-out winter before slowly 

increasing again at the onset of spring. The 

fact that ghrelin is suppressed during 

hibernation is interesting, as this contrasts 

with findings that long-term fasting 

promotes secretion in humans and rodents 

(Kojima & Kangawa, 2010). The 

suppression of ghrelin secretion during 

hibernation is however logical, as signaling 

which promotes feeding behaviour would 

after all be counter-productive when 

behavioural inactivity is essential for the 

bear’s survival. These fluctuations in the 

bear’s ghrelin plasma levels are 

accompanied by similar changes to overall 

physical activity.  

The researchers posit that in addition to 

reducing appetite during hibernation it is 

possible that the low ghrelin concentration 

contributes to decreased metabolism and 

behavioural inactivity as well (Gardi et al, 

2011). This claim is supported by the fact 

that elevated levels of ghrelin function as an 

arousal stimulant through its earlier 

mentioned mediation of other metabolic 

pathways (such as the sleep-wake cycle; 

Tolle et al, 2002, and thermoregulation; 

Florant & Healy, 2012). Another example 

which further supports this suggestion, and 

more pertinent to hibernating animals, is the 

bouts of torpor that mice will undergo when 

exposed to a cold environment. These bouts 

are fasting-induced and deepened by 

suppressed ghrelin production (Szentirmai 

et al, 2009). 

Leptin – an inconsequential hormone in 

hibernating mammals 

Leptin’s function as an anorectic factor 

appears to be largely inconsequential to 

hibernators, as plasma levels remain 

comparatively high throughout the year. At 

least this is the case in the aforementioned 

study on grizzly bears, where there was no 

difference in leptin plasma levels between 

the active and hibernation periods. The only 

indicated change was a slight decrease in 

leptin plasma levels in late hibernation, but 

this was not statistically significant and was  

attributed  to the diminishing adiposity 

mass of the bears (Gardi et al, 2011).
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Table 3 

Summary of relative changes in body adiposity as well as ghrelin and leptin 

plasma levels between seasons in the grizzly bear (U. a. horribilis). Based  

on data from Gardi et al, 2011.  

Relative change Summer Autumn Winter Spring 

Adiposity ↑ ↑ ↓ ↑ 

Ghrelin ↑ ↑ ↓1 ↑ 

Leptin → → ↓2 → 
1 Dramatic drop at start of hibernation and remains low throughout. 
2 Non-significant decrease in levels towards end of hibernation. 

It is possible that, as in the cases of winter-

active and wintering animals, bears and 

other hibernators experience seasonal 

fluctuation to their leptin sensitivity. 

Indeed, in the case of smaller-bodied 

hibernators, it seems that leptin signaling is 

more or less bypassed – the little brown bat 

(Myotis lucifugus), for example, is in its 

pre-hibernation stage capable of storing 

WAT mass to a far greater extent than what 

the concurrent leptin plasma concentration 

is ordinarily thought to allow for (before 

satiety stimulation should discourage any 

further food intake; Dark, 2012). A similar 

phenomenon is found in golden-mantled 

ground squirrels (Callospermophilus 

lateralis), which suggests that however this 

mechanism functions, it may be common to 

many diminutive-sized hibernators, as they 

need to store a higher ratio of WAT for their 

body size compared to that of larger 

hibernators in order to survive the 

hibernation period (Florant & Healy, 2012). 

 

THE UNDERLYING ROLES AND FUNCTIONS OF GHRELIN AND LEPTIN IN 

SEASONAL MAMMALS ENERGY BALANCE 

Summary 

For a winter-active strategist such as the 

arctic fox, ghrelin’s role in seasonal 

regulation of energy balance is yet to be 

fully determined. Apart from a decrease in 

ghrelin plasma levels in the latter half of 

winter, followed by an expected decrease in 

voluntary food intake, it appears to function 

more in short-term, daily  regulation of 

appetite. It is also possible that the role of 

ghrelin is centered more around its 

regulation of energy reserves, based on the 

arctic fox’s unusual response to food 

deprivation with regards to decreased 

ghrelin levels, allowing for increased 

utilization of energy stored in WAT. As for 

leptin, its primary role seems to function as 

an adiposity indicator, in particular when 

energy reserves are being replenished and 

body adiposity increases. As the leptin’s 

expected satiety stimulating effect is 

bypassed even when plasma levels peak in 

late autumn, the arctic fox potentially 

utilizes seasonal resistance mechanisms – 

fluctuations in leptin sensitivity dependent 

on season. 

In the wintering raccoon dog, ghrelin 

plasma levels largely mirror those observed 

in the other two strategies. Plasma levels 

are generally higher in the summer and 

autumn seasons, gradually increasing 

throughout. In winter, these plasma levels 

are dependent on the raccoon dog’s choice 

of tactic. During winter-active periods, 

ghrelin will remain relatively high, as 
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observed in the arctic fox (in early winter). 

If the individual winter sleeps however, 

ghrelin levels will drop drastically to an 

annual low, as seen in the grizzly bear 

during its hibernation period. Leptin in the 

wintering strategist seems to function the 

same as in winter-active species, with the 

hormone largely functioning as an adiposity 

indicator as leptin plasma concentrations 

positively correlate with adipose tissue 

mass, with the expected anorectic signaling 

absent even at the maximum annual 

concentration in late autumn. As in the 

arctic fox, this resistance to leptin’s satiety 

stimulation is only confirmed during the 

autumnal fattening, and it might be 

speculated that the raccoon dog uses 

seasonal leptin resistance as well. 

Supporting this seasonal resistance 

mechanism further is the findings that 

ghrelin levels in winter-active individuals 

remain high in winter, and despite this they 

decrease their voluntary food intake. 

For the main representative of the 

hibernating strategy used here, the grizzly 

bear, it appears ghrelin is of utmost 

importance to seasonal regulation of energy 

balance. There is a clear difference in 

plasma levels between the active and 

hibernating periods consisting of a gradual 

increase across the entire spring-autumn 

period, before there is a dramatic drop in 

ghrelin levels coinciding with the onset of 

hibernation, and remaining low throughout 

the winter. It is also possible that ghrelin 

influences the hibernating cycle through 

more than appetite-control, as the hormone 

has been shown to mediate many other 

metabolic processes In the case of leptin, 

the grizzly bear was found to be inadequate 

as a model for hibernators due to the species 

decidedly being an outlier for the trait. 

Regardless, leptin’s proposed anorectic role 

is unclear in grizzly bears, as levels remain 

high throughout the year and only decrease 

slightly towards the end of the hibernating 

period, likely mirroring the diminishing fat 

reserves at this point. As such, its role 

matches that of the other strategies 

described above – an adiposity indicator 

rather than a satiety factor. For small-

bodied ‘true’ hibernators, this apparent 

leptin resistance seems to hold even more 

true as its satiety-inducing effects are more 

or less bypassed entirely during autumnal 

fattening, allowing for sufficient levels of 

WAT to be stored to survive winter.  

Concluding thoughts 

Ghrelin’s function and importance in seasonal regulation of energy balance still remains 

largely unknown, more so for mammals of the winter-active and wintering strategies. Its role 

appears to be more predominant in short-term daily regulation. However, taken together, 

current studies indicate that there is a decrease in food intake that may be facilitated by lower 

ghrelin levels during the winter season. For hibernators on the other hand, ghrelin appears to 

be of vital importance, as it influences not only appetite-related behaviours, but its function is 

potentially a prerequisite for hibernation itself. As such, the role of ghrelin in hibernators, and 

the extent of its broader influence on hibernation physiology, certainly warrants further studies.  

Leptin’s role in energy balance regulation seems, at least for parts of the year, be minor in 

seasonal mammals described herein. Its potential role as a satiety factor seems to varying 

degrees be bypassed by all species described in this review  – its role is centered around 

monitoring rather than regulating energy stores. This does not make it insignificant for future 

research – the apparent seasonal resistance to leptin’s anorectic effect is observed in most of 
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the examined studies, but the mechanism behind this apparent reduction in the leptin receptor’s 

responsiveness remains for the most part unresolved. This leads me to ask – what is the actual 

primary function of leptin in mammalian energy balance? On the spectrum of directly 

regulating to passively signaling total adipose mass – where does its main function lie? A clue 

to this seasonal leptin resistance can be found in sheep (Ovis aries; Clarke et al, 2001). 

Experimental studies in these ruminants indicate that the interaction between ghrelin and leptin 

may be interrupted by the photoperiodic hormone melatonin, which has been shown to interfere 

with leptin secretion at high plasma concentration, i.e. during long days (as reviewed by Kirsz 

et al, 2017). As several other potential mechanisms (including autosuppression of the leptin 

receptor; Zieba et al, 2008) are proposed as equally credible in the aforementioned review, I 

propose this to be the main target for future research into the hormonal regulation of appetite 

and energy stores. After all, if regardless of leptin plasma levels there is a mechanism to bypass 

the effect, these levels are arguably inconsequential. 

Regardless of these uncertainties, both ghrelin and leptin appear to play major parts in the 

regulation of appetite and energy stores for both seasonal as well as non-seasonal mammals. 

Their influence allow the species described in this paper to cope with environmental changes 

unimaginable to most, and the inherently dynamic nature of these hormones as they fluctuate 

over the seasons makes unraveling their underlying mechanisms all the more important – these 

may well be present to some degree in other northern species experiencing less severe seasonal 

change as well. While the results presented under each section above may well be species-

specific, I suggest this way of categorizing overwintering strategies is potentially an 

appropriate outline for future comparative studies into the energy balance of seasonal 

mammals, if more comprehensive studies were to record ghrelin and/or leptin in other species 

of similar ecology. If these studies were to determine whether the roles of these hormones 

indeed can generally be transferred between strategists, this would greatly assist in further 

determining the roles of these hormones in a broader ecophysiological perspective.  
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