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SUMMARY
Oxidative stress — the imbalance between reactive oxygen species (ROS) and neutralising antioxidants — has been under debate
as the main cause of ageing in aerobial organisms. The level of ROS should increase during infection as part of the activation of
an immune response, leading to oxidative damage to proteins, lipids and DNA. Yet, it is unknown how long-lived organisms,
especially mammals, cope with oxidative stress. Bats are known to carry a variety of zoonotic pathogens and at the same time
are, despite their high mass-specific basal metabolic rate, unusually long lived, which may be partly the result of low oxidative
damage of organs. Here, we asked whether an immune challenge causes oxidative stress in free-ranging bats, measuring two
oxidative stress markers. We injected 20 short-tailed fruit bats (Carollia perspicillata) with bacterially derived lipopolysaccharide
(LPS) and 20 individuals with phosphate-buffered saline solution (PBS) as a control. Individuals injected with LPS showed an
immune reaction by increased white blood cell count after 24 h, whereas there was no significant change in leukocyte count in
control animals. The biological antioxidant potential (BAP) remained the same in both groups, but reactive oxygen metabolites
(ROMs) increased after treatment with LPS, indicating a significant increase in oxidative stress in animals when mounting an
immune reaction toward the inflammatory challenge. Control individuals did not show a change in oxidative stress markers. We
conclude that in a long-lived mammal, even high concentrations of antioxidants do not immediately neutralise free radicals

produced during a cellular immune response. Thus, fighting an infection may lead to oxidative stress in bats.
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INTRODUCTION

All aerobic organisms produce reactive oxygen species (ROS) as
by-products during energy production in mitochondria. In fact, it is
estimated that around 2-3% of oxygen consumed by cells is
diverted to generate superoxide and hydrogen peroxide, two of the
most important ROS (Chance et al., 1979). ROS are highly reactive
and thus can lead to oxidative damage by peroxidation of membrane
fatty acid chains, modification of DNA and loss of sulfhydryls and
carbonylation in proteins (Sohal et al., 1990; Sohal and Weindruch,
1996; Goyns, 2002). An animal can mitigate these negative effects
by raising an antioxidant barrier, which may consist of both
exogenous, diet-derived antioxidants such as vitamin E, and
endogenously produced antioxidants such as uric acid or antioxidant
enzymes (e.g. superoxide dismutases and peroxidases), converting
ROS into less reactive molecules. An imbalance between pro-
oxidants and antioxidants results in oxidative stress, which may
impair the metabolism of an organism by causing oxidative damage
as described above (Rose et al., 2002). Oxidative stress causes
senescence in cells and is therefore hypothesised to be an important
modulator of life-history trade-offs in vertebrates (Costantini, 2008;
Nussey et al., 2009); it has consequently been regarded as the main
cause of ageing in the literature of past decades (Harman, 1955).
However, the free-radical theory of ageing has recently been
challenged, as experimental and correlative studies do not always
support the hypothesis that high oxidative stress leads to shorter
lifespans (Speakman and Selman, 2011).

As the creation of ROS generally increases proportionately with
the amount of energy produced, i.e. with mass-specific metabolic
rate, animals with a high mass-specific metabolic rate should have
a shorter life span than species with a low mass-specific metabolic
rate (Pearl, 1928; Harman, 1955; Sacher, 1959). Evidence for this
free-radical theory of ageing suggested by Harman (Harman, 1955)
has been found in many empirical studies. In general, small
mammals with relatively high basal metabolic rates have lower life
expectancies than large mammals with low basal metabolic rates
(Hulbert et al., 2007). Variations in longevity among species have
also been shown to correlate negatively with the amount of
superoxide anion radicals produced in mitochondria (Tolmasoff et
al., 1980; Sohal and Weindruch, 1996) and oxidative damage of
mitochondrial DNA (Adelman et al., 1988; Barja and Herrero, 2000).

The negative correlation of mass-specific metabolic rate and
longevity among mammals comes with a few exceptions: for
example, small-sized bats may live about 3—4 times longer than
similar-sized terrestrial mammals (Austad and Fischer, 1991;
Wilkinson and South, 2002), but at the same time, their metabolic
rates are exceptionally high because of their ability of powered flight
(Munshi-South and Wilkinson, 2010). Thus, the question arises of
whether the high mass-specific metabolic rate of bats produces more
pro-oxidants than that of similar-sized terrestrial mammals, and if
so, whether bats show increased oxidative damage. If bats indeed
have to cope with high oxidative stress, what factor predisposes
them for long life expectancies? Initial studies on oxidative stress
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in bats have shown that bats have lower levels of protein oxidation
than terrestrial mammals (Brunet-Rossinni, 2004). Potentially, bats
may have potent repair mechanisms for damage caused by oxidation.
It has recently been shown that genes regulating repair mechanisms
for DNA damage are positively selected for in bacteria (Sghaier et
al., 2008) and potentially also in vertebrates. However, low oxidative
damage in bats may also be explained by (1) low pro-oxidant
production, (2) high antioxidant levels, or (3) a combination of both.
Indeed, bats seem to produce lower levels of pro-oxidants than
terrestrial mammals (Brunet-Rossinni, 2004), and also have higher
levels of both enzymatic and non-enzymatic antioxidants in their
organs (Wilhelm Filho et al., 2007). Thus, low oxidative stress may
be causative for the exceptional longevity of bats. However, it
remains to be investigated why bats have such a low level of
oxidative stress and what factors influence the production of pro-
oxidants and antioxidants.

Besides their unusually long lifespan, bats are also outstanding
with respect to their pathogen load, particularly as a reservoir for
important zoonotic pathogens (Wibbelt et al., 2010; Wood et al.,
2012) such as lyssaviruses (Kuzmin et al., 2011), coronaviruses (Li
et al., 2005) and paramyxoviruses (Drexler et al., 2012). Although
it is crucial to understand how the immune system of bats works
and how they defend themselves against these pathogens,
surprisingly little is known about bat immunity and the factors
influencing it (Dobson, 2005). Recent studies have shown a
correlation between immune parameters and ecological factors such
as dietary niche and roost use in bats (Allen et al., 2009;
Schneeberger et al., 2013). Also, experiments on Mexican free-tailed
bats (Tadarida brasiliensis) demonstrated that they can mount a
considerable cellular immune response after injection of mitogens
such as phytohaemagglutinin (Allen et al., 2009). As in most other
animals, variations in immune responses can be linked to disease
susceptibility, such as the white-nose syndrome in temperate-zone
bats that eradicated millions of bats in North America during the
last decade (Lorch et al., 2011; Moore, 2011). However, mounting
an immune response is not only energetically costly (Lochmiller
and Deerenberg, 2000) but also associated with an increased
production of ROS. During an immune response, the host metabolic
rate is usually elevated (Sheldon and Verhulst, 1996), which leads
to higher mitochondrial activity and consequently to increased ROS
production (Finkel and Holbrook, 2000). Additionally, different
white blood cell subtypes involved in immune responses produce
ROS to directly kill pathogens (Droge, 2002), and to enhance the
activation of T-lymphocytes (Droge, 2002; Reth, 2002). Thus, ROS
have a signalling function during an immune response and a direct
negative effect on parasites and pathogens, but can at the same time
also damage the tissue of the host. Mounting an immune response
therefore should not only lead to an increase of ROS but also change
antioxidant levels to mitigate the negative effect. A meta-analysis
of avian studies has found a positive association between immune
responses and oxidative stress markers; however, findings on how
immune responses influence both pro-oxidants and antioxidants are
inconsistent (Costantini and Meller, 2009). Furthermore, some of
these studies only involve either pro-oxidants or antioxidants, yet
it is important to measure both in order to assess the level of oxidative
stress (Costantini and Verhulst, 2009). Also, carotenoids, which are
among the most frequently assessed antioxidants in birds, have
recently been shown to play a rather minor role in the antioxidant
defence of birds (Costantini and Meller, 2008).

As bats are special with respect to their longevity, high mass-
specific metabolic rate and disease susceptibility, but apparently
show low oxidative damage, our aim was to study whether an
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immune response leads to an increase in oxidative stress in bats.
Most studies on birds show an increase in ROS and a decrease in
antioxidants after an immune challenge (Costantini and Moller,
2009). Because birds and bats have high metabolic rates, we would
expect a similar effect of immune activation on oxidative stress for
the two taxa. However, antioxidants used to counterbalance pro-
oxidants may differ between birds and bats: two essential
antioxidants, o-tocopherol and retinol, have been found in all
Neotropical bat species investigated so far (Miiller et al., 2007),
while B-carotene and lutein, among the most important antioxidants
in birds, were missing in five out of six bat species. Furthermore,
in contrast to many birds (Chaudhuri and Chatterjee, 1969), bats —
just like haplorhine primates, including humans (Homo sapiens),
capybaras (Hydrochoerus hydrochaeris) and guinea pigs (Cavia
porcellus) — are unable to synthesise vitamin C because they lack
L-gulonolactone oxidase (Birney et al., 1976). Thus, it might not be
feasible to extrapolate findings from birds to bats and other
mammals.

Here, we conducted an immune challenge experiment in the short-
tailed fruit bat, Carollia perspicillata (Linnaeus 1758), an abundant,
frugivorous bat species commonly found in lowland regions of the
Neotropics. This species can be kept in captivity for short periods
and has been used before in immunological studies (Greiner et al.,
2010). We asked whether mimicking a bacterial infection via
injection of lipopolysaccharide (LPS) and the resulting immune
response leads to a change in reactive oxygen metabolites (ROMs),
representing total ROS produced, and antioxidant level. Our
expectation was that the concentration of ROMs would increase
and the level of antioxidants would decrease in the bats in order to
avoid oxidative stress.

MATERIALS AND METHODS

We captured 12 C. perspicillata (six males and six females) in
November and December 2011 and 28 C. perspicillata (14 males
and 14 females) in November and December 2012, respectively,
within the vicinity of ‘La Selva’ Biological Station (10°25'N,
84°00"W, Province Heredia, Costa Rica) using nylon mist nets (2.5 m
height; Ecotone, Gdynia, Poland) at ground level. The experiments
took place within 1 week of capture of the bats. We marked bats
individually and kept them in an outdoor flight cage (3.4x6.1x2.5 m)
where they were fed ad libitum with banana and papaya and provided
with water. The experiment started after all bats had been allowed
to habituate to the captive conditions for at least 3 days.

At the start of the experiment, we caught all animals in the flight
cage, put them in individual cotton bags and weighed them using
a spring balance (50 g capacity, Pesola, Baar, Switzerland). We took
an initial blood sample of ~60 ul from each individual by puncturing
the antibrachial vein with a sterile needle (no. C721.1, Carl Roth
GmbH, Karlsruhe, Germany) and transferring blood drops into
heparinised capillary tubes (no. 521-9100, VWR, Darmstadt,
Germany). In these samples, we measured basal antioxidant status
and immunity (see below). Then we assigned half of the individuals
of each sex randomly to the experimental group and the other half
to the control group. Animals from the experimental group were
injected subcutaneously with 50 pl of 1 mgml™' LPS (Escherichia
coli, no. L2630, Sigma-Aldrich, Munich, Germany) in phosphate-
buffered saline solution (PBS; no. L1825, Biochrom AG, Berlin,
Germany) using a sterile disposable syringe (no. 0053.1, Carl Roth
GmbH). LPS is an endotoxin that induces an immune reaction in
treated animals, as well as sickness behaviour such as reduced
locomotion and feeding behaviour (Kozak et al., 1994). Furthermore,
endotoxins are known to generally increase oxidative stress markers
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(Victor et al., 2004), leading to oxidative damage (Skibska et al.,
2006). Individuals of the control group were injected with 50 ul PBS
without the antigen. We weighed each bat again 24 h post-injection
and took an additional blood sample. Because of the small sample
volume, we were restricted to measuring only part of the likely
complex immunological response to LPS. We therefore produced
blood smears and performed total white blood cell (WBC) counts
as a proxy for detecting an immunological reaction to LPS. The
remaining blood samples were centrifuged and the plasma was taken
and stored at —80°C until further analysis of oxidative stress
parameters. All bats were released at their site of capture after
collection of the final blood sample.

Blood smears were stained with May—Gruenwald’s solution (no.
T863.2, Carl Roth GmbH) and Giemsa (no. T862.1, Carl Roth
GmbH). We manually estimated total WBC count by counting the
cells in 10 visual fields with a microscope under 200x magnifications
(Schneeberger et al., 2013).

We measured markers of oxidative stress [dROM and biological
antioxidant potential (BAP)] using the Free Radical Analytical
System (FRAS4 evolvo; H&D srl, Parma, Italy), following the
instructions provided by the manufacturer. We measured the
concentration of ROMs using dROM-kits, which represents the total
level of hydroperoxide in plasma that is created during peroxidation
of amino acids, lipids and proteins, representing free radicals from
which ROMs are formed (Alberti et al., 2000; Buonocore et al., 2000).
We added 10 pul of plasma to a buffered chromogen, where the
derivates of ROMs form a coloured compound that can be measured
photometrically at a maximum absorbency peak of 505 nm after 5 min
of incubation at 37°C. According to Lambert-Beer’s law, the
absorbance is directly proportional to the concentration of ROMs and
is expressed as U Carr, where 1 U Carr is equivalent to 0.08 mg dI™!
hydrogen peroxide. The antioxidant potential of the plasma was
measured using BAP-kits. We dissolved 10 ul of plasma into a
coloured solution containing ferric ions (FeCls) and a chromogenic
substrate (a sulphur-derived compound). After 5 min of incubation at
37°C, we measured the degree of decolouration by the plasma
antioxidants by photometry with FRAS4 evolvo. The intensity of
decolouration is directly proportional to the ability of the plasma to
reduce ferric ions and thus to the concentration of non-enzymatic
antioxidants expressed as mmol I”'.

All statistical tests were run using R statistical software (R
Development Core Team, 2010). As individuals were not caught
and handled at the same time, we tested whether the delay between
capture and handling had an effect on measurements of cellular
immune response and oxidative stress. We did not find such an
influence on WBC count (Spearman rank correlation; p=—0.160;
P=0.157), dROM (p=0.046; P=0.684) or BAP (p=0.067; P=0.559),
excluding the potential of capture and handling stress to confound
our subsequent analysis.

To test whether potential changes in measures of oxidative stress
and WBC count could be accounted for by treatment with LPS or
PBS, we calculated mixed effects models using the package ‘lme4’
(Bates et al., 2011) with the interaction between treatment and time
of sampling (before or after injection) as well as sex as fixed factors,
and of dROM, BAP or WBC count as response variable. We log-
transformed the response variables in order to achieve normal
distribution of model residuals. Individual identity was included as a
random factor in all models to account for repeated measures of the
same individual. P-values were extracted using the ‘pvals.fnc’
function of the package ‘languageR’ (Baayen, 2011). To test whether
WBC count correlated with measures of oxidative stress, we
conducted Spearman rank correlation tests.

RESULTS

Body mass was significantly connected with treatment and day of
sampling (3*=12.56; P=0.006), but not with sex (x>=0.22; P=0.639).
Body mass decreased 24 h after LPS injection (+=3.77; P<0.001;
Fig. 1A), but not after PBS injection (=0.51; P=0.612; Fig. 1B).
WBC count differed significantly between day of sampling and
treatment (y’=11.34; P=0.010), but not between males and females
(x*=1.11; P=0.737). WBC count increased significantly 24 h after
injection with LPS (=2.99; P=0.006; Fig. 1C), but only tended to
increase after PBS injection (~=1.84; P=0.070; Fig. 1D).

Baseline dROM for C. perspicillata (N=40) averaged
100.33£29.75U Carr (mean £+ 1 s.d.) and BAP was
2294+0.48 umol I”! before treatment. dROM was significantly
linked to treatment and day of sampling (x*=12.52; P=0.006), but
not to sex (x*=0.22; P=0.637). dROM increased significantly after
injection with LPS (#=3.34; P=0.001; Fig. 2A), but not after injection
with PBS (=1.13; P=0.261; Fig. 2B). BAP was not related to day
of sampling and treatment (3°=3.38; P=0.336; Fig. 2C,D) or to sex
(%><0.001; P>0.999).

dROM was in general positively correlated to WBC count
(p=0.23; P=0.044), but BAP and WBC count were not significantly
connected (p=0.02; P=0.848).

DISCUSSION
Bats are exceptionally long-lived mammals (Austad and Fischer,
1991; Wilkinson and South, 2002) even though they have higher
mass-specific metabolic rates than similar-sized, terrestrial mammals

Body mass (g)
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Fig. 1. Body mass decreases in individuals of the experimental group 24 h
post-treatment with lipopolysaccaride (LPS; A), but not in individuals of the
control group injected with phosphate-buffered saline solution (PBS; B).
White blood cell (WBC) count per 10 visual fields increases in animals of
the experimental group (C), but not in individuals of the control group (D).
Red lines indicate mean values before and after treatment and asterisks
indicate a significant difference at P<0.05.
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Fig. 2. The concentration of reactive oxygen metabolites (dROM) increases
in bats 24 h after injection with LPS (A), but not with PBS as a control (B).
Antioxidant concentration (BAP) remained the same in both the
experimental (C) and control group (D). Red lines indicate mean values
before and after treatment and asterisks indicate a significant difference at
P<0.05.

(Munshi-South and Wilkinson, 2010). Bats have a lower production
rate of ROS (Brunet-Rossinni, 2004) and also lower levels of
oxidative damage (Brunet-Rossinni, 2004). Here, we asked whether
mounting an immune response in bats leads to an increase in ROMs,
representing the total ROS created, and whether this changes the
concentration of antioxidants to mitigate oxidative stress. To the
best of our knowledge, this is the first study on the effect of mounting
an immune response on oxidative stress markers in a free-ranging
mammal.

Total WBC count increased significantly in the experimental
group 24 h after antigen treatment, but not in the control group. The
contrasting results between the control and experimental group
indicate that LPS caused a cellular immune reaction in individuals
of the experimental group. This is also supported by the observation
that bats of the experimental group lost body mass, while body mass
remained constant in individuals of the control group. The loss of
body mass and associated decrease in food ingestion might be the
result of LPS-induced sickness behaviour. In mice, it has previously
been shown that LPS results in reduced locomotion and decreased
food intake (Kozak et al., 1994).

dROM increased significantly in bats injected with LPS, and
WBC count correlated with dROM. Thus, the mounting of a cellular
immune response may lead to a higher production of ROS in free-
ranging bats, which is then represented by an increased concentration
of ROMs in plasma. This pattern is similar to what has been found
in various studies on birds (reviewed by Costantini and Meller,
2009). The high level of ROS during a natural infection is usually
a combination of oxidants released by the pathogen itself (Halliwell
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et al., 1993) and the ROS released by the host during the mounting
of an immune response (Droge, 2002; Reth, 2002). As we did not
inject bats with active pathogens but with the endotoxin only, we
can rule out the possibility of the pro-oxidants being synthesised
by the pathogen. Thus, the elevated dROM level in plasma of
animals injected with LPS is a consequence of physiological
processes involved in sickness behaviour, such as elevated metabolic
rate (Finkel and Holbrook, 2000) as well as ROS produced to
enhance the cellular immune response and to directly kill pathogens
(Droge, 2002; Reth, 2002). This is supported by the finding that
dROM correlated positively with WBC count. Indeed, studies on
purified human monocytes showed that LPS directly stimulates the
production of superoxide, one of the most important pro-oxidants
in vertebrates (Landmann et al., 1995).

The negative effects of ROS on the organism can be mitigated
by the production or ingestion of antioxidants. Thus, with an increase
of ROS concentration represented by dROM levels in plasma, we
would also expect a change in antioxidant levels. However, in our
experiment, the concentration of antioxidants remained the same
before and after treatment in individuals injected with LPS or PBS.
Similar experiments in birds on how antioxidant levels change after
mounting an immune response are inconsistent. For example,
carotenoid levels but not total non-enzymatic antioxidant levels
increased after an immune challenge in wild kestrel nestlings [Falco
tinnunculus (Costantini and Dell’Omo, 2006)]. In red-legged
partridges (Alectoris rufa), the total antioxidant concentration
remained the same before and after injection with
phytohaemagglutinin (Perez-Rodriguez et al., 2008), but increased
in greenfinches [Carduelis chloris (Horak et al., 2007)]. The same
was true for chicken (Gallus gallus domesticus) injected with LPS
(Cohen et al., 2007): there was no change in the level of various
antioxidants before and 24 h after treatment. Also, an experimental
study on the effect of supplemental feeding of mice with antioxidant-
rich wine showed no effect of LPS on total antioxidant levels after
24h (Percival and Sims, 2000). Similar to the findings of these
studies, we found that the antioxidant concentration did not change
after treatment with LPS in C. perspicillata. Potentially, an
antioxidant barrier needs longer than 24 h to be raised, as there may
be a time lag between an increase of free radicals and the
corresponding antioxidant response (Horak and Cohen, 2010;
Meitern et al., 2013). In their study on red-legged partridges, Perez-
Rodriguez and his colleagues (Perez-Rodriguez et al., 2008) argued
that, alternatively, pro-oxidants could have been buffered by
carotenoids, which they have measured separately and found to
decrease after the immune challenge. However, recently it has been
argued that although highly promoted, carotenoids have a rather
weak contribution to the avian antioxidant capacity (Costantini and
Moller, 2008). Also, carotenoids are not part of the antioxidant
barrier in most bats (Miiller et al., 2007), which is why the absence
of an effect on antioxidants may have been caused by factors other
than an immediate buffering of ROS by carotenoids as suggested
in birds (Perez-Rodriguez et al., 2008). Potentially, the elevated
concentration of ROS may be partly compensated for by a short-
term increase of antioxidants ingested by food such as vitamin E
or by mobilising enzymatic antioxidants. The study of Percival and
Sims (Percival and Sims, 2000) implies that the high level of
antioxidants caused by supplemental feeding may not further
increase to cope with released ROS when the immune challenge is
short. However, as dROM increased after injection with LPS, ROS
were apparently not immediately neutralised by antioxidants.
Furthermore, the mean baseline BAP of 2294 umol 1! in C.
perspicillata indicates a rather moderate concentration of
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antioxidants, comparable with the level observed in rats
[1874 umol I"' (Iwata et al., 2010)] and mice [2896 umol !
(Maruoka and Fujii, 2012)].

We conclude that an immune response can upregulate some
markers frequently associated with oxidative stress even in a long-
lived mammal that is known to have a reduced pro-oxidant production
compared with terrestrial mammals (Brunet-Rossinni, 2004; Wilhelm
Filho et al., 2007). Thus, bats may suffer from long-term consequences
of elevated oxidative stress after episodes of acute infection or during
chronic infection. The long lifespan of bats is therefore even more
puzzling, as bats carry a large variety of pathogens and our results
indicate that infections do increase oxidative stress. It remains to be
investigated whether natural infections with bat-borne and bat-
specific pathogens increase oxidative stress, and how bats cope with
the oxidative damage caused by ROS.

LIST OF ABBREVIATIONS

BAP biological antioxidant potential (mmol 1"
FRAS free-radical analytic system
LPS lipopolysaccharide
ROM reactive oxygen metabolite (concentration given in U Carr)
ROS reactive oxygen species
WBC white blood cell
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