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Low energy reserves are associated with fasting susceptibility in 
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Abstract
Neotropical nectar-feeding bats consume large amounts of sugar and use most of their energy-rich diet directly from 
the bloodstream, suggesting an adaptation towards lower body energy reserves. Here we tested the hypothesis that 
bats Glossophaga soricina spare the energy costs of storing energy reserves, even if this would represent a risky 
susceptibility during fasting. Blood glucose concentrations in 18 h fasted bats showed a 40% decrease. Breast muscle 
and adipose tissue lipids, as well as carcass fatty acids and liver glycogen, were also decreased following fasting. 
The inability to keep normoglycemia following a short-term fasting (i.e. 28 h) confirm that nectar bats invest little on 
storing energy reserves and show a severe fasting susceptibility associated to this pattern. Our study also support the 
general hypothesis that evolutionary specializations towards nectar diets involve adaptations to allow a decreased body 
mass, which reduces the energy costs of flight while increases foraging time.
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Baixas reservas energéticas corporais estão associadas à susceptibilidade ao 
jejum da espécie Glossophaga soricina

Resumo
Morcegos nectarívoros que ocorrem na região Neotropical consomem grandes quantidades de carboidratos, e usam a 
energia obtida da dieta diretamente, a partir da glicose na circulação sanguínea. Esta adaptação sugere que morcegos 
nectarívoros tenham evoluído no sentido de apresentar adaptações fisiológicas que permitam o baixo armazenamento 
de reservas energéticas corporais. Nós testamos a hipótese de que morcegos Glossophaga soricina poupam o gasto 
energético envolvido com a formação de reservas energéticas teciduais, mesmo que isso represente uma arriscada 
suscetibilidade da espécie frente ao jejum. As concentrações de glicose apresentaram uma diminuição de 40% após 
18 h de jejum. As concentrações de lipídios do músculo peitoral e do tecido adiposo, bem como as de ácidos graxos 
da carcaça e glicogênio hepático também diminuíram após 18 h de jejum. A incapacidade de manter a normoglicemia 
observada após o jejum de curto-prazo confirma que morcegos nectarívoros desta espécie não investem na formação 
de reservas energéticas, e apresentam, consequentemente, uma severa susceptibilidade ao jejum. Este estudo suporta 
a hipótese de que adaptações evolucionárias da espécie envolvem diminuição da massa corporal, reduzindo o custo 
energético do voo e aumentado o tempo de forrageamento.

Palavras-chave: Chiroptera, glicose sanguínea, glicogênio, lipídios, jejum.

1. Introduction

Vertebrates that consume different diets often differ 
in the way they store and mobilize body energy reserves, 
and therefore it is expected different species to have 
different responses to fasting. Although bats have the 
largest variety of diets among all mammalian orders, data 
on physiological responses to fasting in bats are restricted 

to a few frugivorous, insectivorous and hematophagous 
species (Ben-Hamo et al., 2012).

Nectarivorous bats stand out for their ecological role 
in pollinating plants (Fleming and Sosa, 1994; Kunz et al., 
2011). Their extraordinary energy-rich diet is based mainly 
on sugar, since nectar consists basically of a solution 
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of glucose, fructose and sucrose (Baker  et  al., 1998). 
While taking advantage of this high sugar food source, 
nectar bats also must face the challenge of dealing with 
post‑feeding hyperglycemia (Helversen and Winter, 2003). 
Some  physiological adaptations to this unusual diet have 
been reported for Glossophaga soricina (Pallas, 1766), 
including enhanced glucose absorption through higher 
intestinal sucrase activity (Hernandez and Martínez del 
Rio, 1992) and direct use of recently-ingested sugar for 
high muscle activity (Suarez et al., 2011; Kelm et al., 2011).

Considering these unique adaptations among mammals, 
we would expect that sparing the energy cost of converting 
sugar into fat for future use would be advantageous, 
specially to maintain a low body mass. However, this would 
implicate in lower energy reserves, raising the problem 
on how to deal with fasting. The aim of this study was 
to determine blood glucose, liver and muscle glycogen, 
muscle and adipose lipids and carcass fatty acids in Pallas’s 
long-tongued bats (Glossophaga soricina) fed and fasted 
for 12, 18 and 24 h.

2. Material and Methods

2.1. Animals
Adult male nectar bats Glossophaga soricina (Pallas, 

1766) (n = 52) were captured in the region of Brasilia, DF, 
Brazil (15º47 ‘S, 47 53’ W). All bats were immediately 
brought to the lab and kept in the Bioterium of the Biology 
Institute, University of Brasilia, for two days. Bats were 
kept in cages (33 × 46 × 23 cm) (5 bats each cage) installed 
in a 15-square-meter room, with 12 h light:dark cycle. 
During this period, bats were fed bananas, papayas and 
vitamin supplement for hummingbirds (Alcon Pet, São 
Paulo, Brazil) with 25% sucrose concentration, while 
held in the hand. Water was provided ad libitum. After 
the 2-days acclimation period, bats were divided in four 
groups: 1)  Control (FED, n = 17); 2) 12 h fasted bats 
(F12, n = 13); 3) 18 h fasted bats (F18, n = 15); and 4)  24 h 
fasted bats (F24, n = 7). Fasting treatment started three 
hours after the last feeding. During the fasting period, 
all bats received water ad libitum. The experimental N 
was calculated based on a desired statistical power level 
of 0.8 and a P level of 0.05 (n=14 per group). Because 
we are using wild bats as experimental models, we 
tried to stay near this value, but we were limited by the 
amount of adult male bats we could capture in the same 
season. This work was developed under Federal license 

SISBIO from the Institute for Biodiversity Conservation 
(MMA number 39296-1) and also under consent of the 
Ethics Committee on Animal Use at the University of 
Brasília (UnBDOC No. 116319/2011).

2.2. Sample preparation
Following the experimental period, all animals were 

euthanized. Blood, liver, breast muscle, adipose tissue and 
carcasses were collected for subsequent processing. To obtain 
the plasma, blood was collected directly into heparinized 
tubes and centrifuged (2000 rpm x 10 min). Plasma glucose 
concentration was determined by the method of glucose 
oxidase (Glucox 500 kit, Doles, Goiânia, Brazil). Liver and 
muscle glycogen was measured according to Sjörgren et al. 
(1938). Total lipids of breast muscle and adipose tissue 
were determined gravimetrically, according to Folch et al. 
(1957). Carcass fatty acids were determined after digestion 
in 100 mL of KOH (6N), filtration and addition to an 
equal volume of absolute alcohol to obtain a KOH-ethanol 
solution (50% v/v). After manual agitation for extraction 
with chloroform (25 mL for 1 min, 3x), the supernatant 
was collected and the carcass fatty acids concentration was 
determined gravimetrically (Folch et al., 1957).

2.3. Statistical analyses
All data were analyzed (Statistica, StatSoft) using 

one‑way ANOVA followed by the Tukey’s test or 
Kruskal‑Wallis test (for nonparametric data), depending 
on the assumptions of normality and homoscedasticity. 
Statistical significance was set at p< 0.05. Data can be 
obtained in detail directly with the corresponding author.

3. Results

Results are shown in Table 1. Six out of seven bats 
from the F24 group died before the procedures, though we 
decided to exclude this group from our experimental design. 
All bats from the other groups (FED, F12 and F18) were 
alert and able to fly until the time the end of the experiment. 
Blood glucose concentrations were decreased in F18 bats 
compared with the FED group (F2,40= 6.76, P< 0.001). 
Liver glycogen concentrations were also decreased in F18 
compared to FED (H2,43= 18.27, P= 0.05). Breast muscle 
glycogen was decreased in both F12 and F18 fasted groups 
(H2,44= 5.78, P< 0.001). Breast muscle and adipose tissue 
lipids, as well as carcass fatty acids, were decreased in 
F18 compared to the FED bats (H2,40= 10.20, P= 0.006; 
H2,31= 11.48, P= 0.00; H2,44= 17.47, P< 0.001).

Table 1. Metabolic parameters in fed nectar-feeding bats and following 12 (F12) and 18 (F18) hours of fasting.
FED F12 F18

Blood glucose (mmol.L-1) 5.5 ± 0.54a 4.15 ± 0.38a 3.3 ± 0.21b

Liver glycogen (µmol-1glicosil- units/g) 485.92 ± 50.47a 358.26 ± 71.08a 221.56 ± 14.36b

Breast muscle glycogen (µmol-1glicosil- units/g) 148.55 ± 13.37a 124.71 ± 9.14b 114.98 ± 7.41b

Breast muscle lipids (g.100g-1) 17.91 ± 4.21a 36.21 ± 7.96a 8.58 ± 1.05b

Adipose tissue lipids (g.100g-1) 29.18 ± 4.89a 37.88 ± 11.79a 12.80 ± 0.87b

Carcass fatty acids (g.100g-1) 2.22 ± 0.15a 2.63 ± 0.69a 1.29 ± 0.08b

Different letters indicate statistical differences.
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4. Discussion

Overall, we observed decreases in all tested energy 
reserves after 18 hours of fasting in Glossophaga soricina, 
although blood glucose levels failed to remain constant 
during short-term fasting. In mammals, glucose is the 
main energy molecule, and its declining circulating levels 
are considered a homeostatic imbalance signal, since 
it demonstrates that the body can no longer maintain 
normoglycemia (Cryer, 1991). Most bats, including species 
fed a variety of foods, use their body energy reserves, 
especially liver glycogen and lipid stores in the adipose 
tissue, to produce glucose to be released in the bloodstream 
via glucogenolysis and gluconeogenesis (Widmaier and 
Kunz, 1993; Freitas et  al., 2003; Pinheiro et  al., 2006; 
Melo et al., 2012; Amaral et al., 2012a, 2012b; Barros et al., 
2013). Most mammals depend on this liver pathway to 
obtain glucose when food is not available (McCue, 2010). 
Unlike this pattern, we demonstrated that nectar-feeding 
bats had their glycogen and lipid stores mobilized after 
18 hours, but failed to convert these energy substrates into 
glucose, proving their inability to maintain blood glucose 
levels following a short-term fasting.

Blood glucose concentration observed in G. soricina 
fasted for 18 h was similar to the value found in frugivorous 
bats fasted for 48 hours (Pinheiro et al., 2006). Unlike nectar 
bats, fruit bats could keep blood glucose levels stable for 
up to 6 days of fasting. The amount of nectar bats that 
could not survive the 24 h challenge also indicates that 
G. soricina is clearly more sensitive to fasting periods.

In the same way as blood glucose, liver glycogen also 
decreased after 12 h of fasting. Liver glycogen reserves 
provide a rapid source of glucose to the bloodstream (Casey, 
2003; Kraus-Friedmann, 1984). The same pattern of liver 
glycogen mobilization was observed in fruit-eating bats 
(Pinheiro et al., 2006) and vampire bats (Freitas et al., 
2003; 2005). Glossophaga soricina seems to use this 
carbohydrate reserve to supply energy during foraging 
periods. This nectar-feeding species. Glossophagine bats have 
undergone evolutionary convergence with hummingbirds 
(Welch et al., 2008). As hovering flight is energetically 
very costly, nectar-bats show some of the highest known 
mass-specific metabolic rates (Suarez et al., 2011).

Although lipid reserves are important for bats dealing 
with fasting (Freitas et al., 2003; Pinheiro et al., 2006), 
and also for providing and efficient energy source for 
bats during reproduction (Barros et al., 2013) and to deal 
with increased foraging time due to habitat degradation 
(Melo et al., 2012), among other activities, nectar feeding 
bats seem to have evolved to a metabolic pattern that made 
them able to live with less energy reserves. It is known 
that up to 95% of the daily energy use by G. soricina is 
provided by exogenous glucose intake from their diets 
(Voigt and Speakman, 2007; Welch et al., 2008), using 
directly the bloodstream as the main source of glucose for 
their activities, such as flight (Voigt and Speakman, 2007; 
Welch et al., 2008). This mechanism would allow them 
to meet their high energy demands and also regulate their 
blood glucose levels at the same time (Kelm et al., 2011).

In the Cerrado area, G. soricina faces a large variety 
of food items. Its diet consists of pollen, nectar, fruit and 
insects (Zortéa, 2003). It is also reported some variation 
on these items proportions according to different seasons 
(Voigt and Speakman, 2007).

Regarding the lipid reserves, the observed decreased 
after 18 h of fasting may result from gluconeogenesis, 
which may provide free fatty acids and glycerol to the 
meet these high energy demands. Taken together, the 
energy reserves we found in G. soricina is very limited 
compared to fruit (Pinheiro et al., 2006) or insect-eating 
bats (Freitas et al., 2006)

A similar condition is observed in vampire bats, which 
also struggle to deal with fasting for having evolved to 
prioritize a lower and more flight efficient body mass over 
storing energy reserves (Freitas et al., 2003). Although 
vampires’ susceptibility seem to be driven by opposite 
mechanisms (in their case, a low carbohydrate, protein‑rich 
diet), vampires also have to deal with a metabolism 
designed to spare the costs of energy turnover. In both 
cases, compensatory behavioral mechanisms seem to play 
important roles for energy adjustments to very unique diets.

We conclude that the nectarivorous bat Glossophaga 
soricina are critically susceptible to fasting for presenting 
poor energy stores, which are mobilized after 18 hours of 
fasting. Lacking body energy stores, nectar feeding bats 
became more susceptible to fasting. Not being able to 
maintain normoglycemia after this period, fasting may 
lead them to die after 24 h of food absence. This condition 
may be associated with their extremely high-carbohydrate 
diet and the high foraging cost of this species.
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