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In most mammals, running is fuelled by oxidization of endogenous
carbohydrates and lipids while amino acids contribute little (< 5–10%).
Common vampire bats (Desmodus rotundus), however, specialize on a
unique, protein-rich blood diet. Therefore, we hypothesized that (i)
vampire bats would rapidly begin utilizing dietary amino acids to support
running metabolism, and (ii) that relative reliance on essential and
non-essential amino acids would be similar. We fed bats cow’s blood
enriched either with isotopically labelled glycine (non-essential amino acid)
or leucine (essential amino acid). Bats were exercised at speeds of 10, 20
and 30 m min−1 on a respirometry treadmill, allowing us to assess metabolic
rate (i.e. O2 consumption and CO2 production) and track the oxidation of
labelled amino acids in exhaled CO2. Vampire bats oxidized amino acids
as their primary fuel as indicated by a respiratory exchange ratio (RER =
ratio of CO2 production to O2 consumption rates) of approximately 0.8–0.9
at all speeds, with the labelled meal accounting for as much as 60% of
oxidized fuels at peak usage. Similar oxidation rates indicated bats did
not discriminate between essential and non-essential amino acid use. These
findings reiterate how strongly metabolism can be shaped by a specialized
diet.

1. Introduction
Among mammals, it is well-established that low-intensity aerobic exercise is
predominately fuelled by lipids, with a higher proportion of carbohydrates
oxidized as exercise intensity increases (for reviews, see [1,2]). Amino acids
tend to be overlooked as a metabolic fuel because their oxidation often
contributes less than 5–10% of the total ATP production during exercise [3,4].
However, some mammals have diets extremely rich in protein but relatively
poor in carbohydrates and lipids, including the three species of vampire
bats that are the only mammalian obligate sanguinivores (Desmodus rotundus,
Diphylla ecudata and Diaemus youngi).

While most mammals appear constrained to oxidize an exercise-intensity-
dependent mixture of lipids and endogenous carbohydrates, the same is not
true of other groups. Specifically, flying insects exhibit distinct patterns of fuel
use during exercise (flight) generally correlated with differences in diet [5].
For example, most bees that subsist primarily on sugar-rich floral nectar rely
exclusively on carbohydrate oxidation during flight [6]. In contrast, obli-
gately haematophagous tsetse flies (Glossina spp.) rely on proline oxidation
to sustain flight [7,8], while the facultatively haematophagous female Aedes
aegypti mosquito, but not the strictly nectar or fruit-eating male mosquito,
shows a similar ability [9]. The ability to rely on sugar rapidly and completely
to fuel foraging flight appears to have convergently evolved in nectar-feed-
ing insects [6], bats [10,11] and hummingbirds [12,13]. Among vertebrates,
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phyllostomid bats exhibit remarkable dietary diversity. With this in mind, we asked if vampire bats had evolved a capacity for
high rates of amino acid oxidation during exercise similar to that of an invertebrate group upon which they have converged in
diet, obligately haematophagous insects.

Unlike most other bats, vampire bats exhibit exceptional running ability, allowing them to track and approach their prey
along the ground [14,15]. This unique running ability provides a tractable modality by which to interrogate protein use during
exercise, because rather than flying the bats, we can capitalize on respiratory treadmill equipment that is otherwise used
for studying rodents (figure 1). We first tested the hypothesis that vampire bats would exhibit rapid and extensive use of
ingested amino acids to fuel terrestrial locomotion given their protein-rich diet. We provided isotopically labelled amino acids
(leucine or glycine) in a cow blood meal to common vampire bats (D. rotundus) and then measured their metabolic rate (O2
consumption and CO2 production) at treadmill speeds of 10, 20 and 30 m min−1. At the lowest (10 m min−1) and highest (30 m 
min−1) treadmill speeds, we obtained breath samples to detect the 13C-enriched isotopic signature in exhaled CO2, indicating
whether the enriched amino acid tracers were being used to fuel exercise metabolism. Given how the vampire bat diet is rich in
both essential (e.g. leucine) and non-essential (e.g. glycine) amino acids, we also questioned whether the use of the two classes
of amino acids would be similar.

2. Material and methods
(a) Experimental animals and study site
We captured 24 adult vampire bats (D. rotundus) between 25 April and 5 May 2023 in the tropical forests at the Lamanai
Archeological Reserve in Lamanai, Orange Walk District, Belize (10 females, 14 males; table 1). All bats were captured using
either mist nets or harp traps that were set across known flight paths shortly after sunset (approximately 18.15). Shortly after
capture, bats were individually placed in drawstring cloth bags to prevent escape and minimize stress. We maintained bats in
their cloth bags for up to 18 h after capture, which helped to ensure that bats were in a post-absorptive state prior to re-feeding
for our experimental trials. The mean maximum and minimum daily temperatures during our study period were 34.3 and
22.0°C, respectively, and the average daily humidity was 65.9%. Our study period fell within the dry season and thus we only
received 0.1 cm of rainfall. All climate data were retrieved from the National Meteorological Service of Belize for Tower Hill in
Orange Walk District (http://nms.gov.bz). We weighed (30.3 ± 1.4 g) and released all bats back to their place of capture when the
experiment concluded.

(b) Experimental groups
To understand whether D. rotundus use recently ingested blood meals to fuel aerobic exercise, we fed each bat cow’s blood
that was either enriched with isotopically labelled leucine (n = 9) or glycine (n = 12) at concentrations of approximately 2–3 mg
ml−1. An additional group of bats were fed unenriched cow’s blood to serve as a control group (n = 3), providing baseline δ13C
signatures for bat breath during each stage of the experiment (e.g. across varying treadmill speeds). Cow blood was obtained
from a local slaughterhouse in Orange Walk District, Belize, and treated with sodium citrate (2.75 g l−1) and citric acid (1 g
l−1) to prevent spoiling. We maintained the blood at 4°C throughout the study period. Immediately prior to experimentation,
we fed bats by gently injecting blood into the mouth using a 1 ml transfer pipette. All bats consumed similar amounts of
blood regardless of the amino acid treatment, and body mass was similar across all experimental groups (table 1; electronic
supplementary material, figure S1).

(c) Metabolic treadmill protocol and analysis
After feeding, we placed bats into a respiratory treadmill (internal dimensions 66.0 cm (L) × 14.9 cm (W) × 12.7 cm (H)) that
was custom-built by Sable Systems International for this experiment, modelled after the Promethion Core Mouse Respirometry
Treadmill (Sable Systems International, North Las Vegas, NV). We continuously flushed the treadmill with ambient air at flow
rate of approximately 13 l min−1, which was monitored using a mass flow controller (Flowbar-8 Mass Flow Meter System; Sable
Systems International). A subsample of approx. 350 ml min−1 was pulled from an excurrent port directly into a gas analyser
(FMS Field Metabolic System; Sable Systems International) to obtain O2, CO2 and water vapour measurements every second.

After placing a bat in the treadmill (7.6 ± 0.8 min after feeding), we steadily increased the treadmill speed to 10 m min−1

in 1 m min−1 increments. We did not provide bats with an acclimation period to the treadmill chamber while the belt was
stationary because in preliminary trials, bats would explore the treadmill chamber and learn the location of small crevasses in
which they could hook their thumbs and/or toes to avoid contact with the moving belt. At 10 m min−1, bats exhibited a walking
gait that is similar to the lateral-sequence walking gait of other tetrapods, in which a hindlimb touches the ground, followed
by the ipsilateral forelimb (figure 1a) [15]. Once bats demonstrated this steady walking gait for 1–2 min, we steadily increased
the treadmill speed to 20 m min−1, in which bats exhibited a combination of a walking and running gait. This intermediate gait
consisted of a lateral-sequence walking gait with occasional hops, where hindlimbs touch the ground simultaneously, followed
by the simultaneous movement of both forelimbs. Again, once bats demonstrated this intermediate walking–running gait for
1–2 min, we steadily increased the treadmill speed to 30 m min−1. At 30 m min−1, bats exhibited a steady running gait, in which
hops occurred consistently, each with a notable aerial phase (figure 1b) [15]. After exhibiting 1–2 min of consistent running, we
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removed the bat from the treadmill to provide them with a brief rest and to flush the chamber with ambient air (~5 min). We
repeated this treadmill protocol two additional times to obtain O2 and CO2 measurements at each treadmill speed (10, 20 and
30 m min−1) in triplicate. The second and third replicates began 25.2 ± 1.2 and 41.7 ± 1.4 min after the initial cow blood feed,
respectively.

From the raw O2 and CO2 measurements, we calculated rates of O2 consumption (VO2) and CO2 production (VCO2) for each
treadmill speed using Expedata software (v. 1.8.4; Sable Systems International), correcting for temperature and water vapour.
We then used the ratio between VCO2 and VO2 to determine the RER, as well as the cost of transport (CoT) across all treadmill
speeds. Videos of bats at each treadmill speed are available in the electronic supplementary materials.

(d) Stable isotope protocol and analysis
When bats exhibited steady walking at 10 m min−1 and steady running at 30 m min−1 in each exercise replicate, we used an
excurrent syringe port on the treadmill to withdraw 12 ml of air. The air sample was immediately injected into a 12 ml Exetainer
vial (Labco, UK) for transport to the University of Toronto, Scarborough, Ontario, Canada, where we used a stable carbon
isotope analyzer (Picarro G22201-i Isotopic Analyzer; Picarro Inc., Santa Clara, CA) to assess the δ13C signature of exhaled CO2
in the sample. Because the sampled air contained a mixture of breath and ambient CO2, the isotopic signature of only exhaled
breath (δ13Cbreath) was calculated using the following equation [16]:

δ13Cbreatℎ = [δ13Csample − δ13Cambiant∗(fa)]/(1 − fa)
where δ13Csample is the isotopic signature of the air excurrent from the chamber, fa is the fraction of CO2 in the sample from
ambient air and δ13Cambient is an estimate of the isotopic signature of ambient air, which was calculated as the slope resulting
from a linear regression between the δ13Csample of control bats and the fa. We then calculated the proportion of expired CO2
supported by labelled amino acids (fexo) using the following equation [16]:

fexo = (δ13Cbreatℎ − δ13Ccontrol)/(δ13Cblood − δ13Ccontrol)
where δ13Ccontrol is the average δ13Cbreath of control bats across all treadmill speeds, and δ13Cblood is the isotopic signature of the
labelled cow blood. It was important to determine the δ13C signature of the cow blood samples from each treatment group to
correct for differences in amino acid concentrations that arose from using a ‘field balance’ rather than an analytical balance.
Briefly, we loaded 10 µl blood samples into tin capsules (Costech Analytical Technologies Inc., Valencia, CA) and dried the

(a)

(b)

Figure 1. Photographs of Desmodus rotundus (male; BZ 1256) on a metabolic treadmill in (a) a walking gait (10 m min−1), and (b) the aerial phase of a running gait
(30 m min−1). Photographs by Price Sewell.
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samples at 105°C for 2 h. We then determined the δ13Cblood by loading the tin capsules into the Picarro Combustion Module
(Picarro Inc., Santa Clara, CA), which was connected to the Picarro G22201-i Isotopic Analyzer (Picarro Inc.).

(e) Statistical analysis
We analysed all data for statistical significance using RStudio (v. 1.1.463) with R (v. 3.6.1) and visualized the data using
GraphPad Prism (v. 9.0.0). We used linear mixed effects models to analyse the effects of treadmill speed and dietary treatment
on each metabolic trait (RER, VO2, VCO2, CoT), including body mass as a covariate and incorporating bat identity as a random
intercept to account for repeated measurements on the same individual. We used a linear mixed effects model to analyse the
effects of treadmill speed and dietary treatment on fexo, again incorporating bat identity as a random intercept. In this model,
we also included the exercise replicate as a fixed-effect, given that the oxidation of labelled amino acids may diminish with
passing time. When significant main effects were detected, we used pairwise multiple comparison tests with a Bonferroni
correction to determine differences between groups. Finally, we used one-way analyses of variance (ANOVAs) to demonstrate
that blood consumption and body mass did not differ across the experimental treatment groups. All data were initially assessed
for normality and homogeneity of variance. Results were considered significant at α = 0.05.

3. Results
The RER is calculated as the ratio between CO2 production and O2 consumption (VCO2/VO2) and is routinely used as an
indicator of metabolic fuel use, such that a ratio of 0.7 is indicative of fat oxidation, whereas a ratio of 1.0 indicates the exclusive
use of carbohydrates. Running vampire bats exhibited a RER of 0.8–0.9, which remained consistent across all treadmill speeds (t
= 0.82, p = 0.42; figure 2a). An RER of 0.8–0.9 can reflect a mixture of lipid and carbohydrate use, but may also indicate protein
oxidation (for a review, see [17]). Although the RER remained consistent, we found that VCO2 and VO2 were significantly
affected by exercise intensity (VCO2: t = 20.39, p < 0.001; VO2: t = 16.04, p < 0.001; figure 2b,c), both exhibiting a 15–20% increase
with each 10 m min−1 rise in treadmill speed (p < 0.001). These findings indicate that vampire bats require more ATP to fuel
exercise at higher intensities, which is similarly reflected by the increasing CoT at higher treadmill speeds (t = 6.88, p < 0.001;
figure 2d). We found no effect of dietary treatment on the RER (t = 0.08, p = 0.94), VCO2 (t = 1.13, p = 0.27), VO2 (t = 0.89,
p = 0.38), or CoT (t = 0.43, p = 0.67). CO2 produced from oxidation of ingested amino acids was almost immediately present
in the breath of exercising bats, suggesting the prompt use of the recent protein meal to fuel aerobic activity in this species.
Indeed, we found that the time at which breath samples were collected significantly influenced the proportion of exhaled CO2
exhibiting the 13C isotopic signature of the tracer-enriched blood meal (i.e. fexo; sensu12; t = 9.85, p < 0.001; figure 3). Reliance
on the blood meal to fuel terrestrial locomotion occurred very rapidly after feeding, with fexo exceeding 60% during the first
exercise replicate on the treadmill. Over time, fexo fell significantly as the absorbed substrates from the blood meal were either
oxidized or otherwise sequestered from circulation into other tissues, reaching an average of 41 and 28% by the second and
third exercise replicates, respectively (p < 0.05). We found no evidence indicating that vampire bats discriminate between the
amino acids oxidized during exercise. The fexo values were similar between bats fed cow’s blood enriched with isotopically
labelled leucine and glycine (t = 1.02, p = 0.32; figure 3).

4. Discussion
In support of our hypothesis, we found that vampire bats utilized amino acids as their primary fuel source during exercise.
Bats exhibited a RER of 0.8–0.9, consistent with amino acid oxidation, which remained consistent across all treadmill speeds.
Importantly, RER did not change despite varying exercise intensities (i.e. running speeds). If lipids and carbohydrates were
the major metabolic substrates fueling exercise, we would have expected the RER to increase with increasing treadmill speed,
reflecting the characteristic shift from lipid to carbohydrate oxidation at higher exercise intensities [18,19]. Although the RER
remained consistent, we found that VCO2 and VO2 were significantly affected by exercise intensity, both exhibiting a 15–20%
increase with each 10 m min−1 rise in treadmill speed. These findings confirm that, as predicted, vampire bats require more ATP
to fuel exercise at higher intensities, which is similarly reflected by the increasing CoT at higher treadmill speeds.

CO2 produced from oxidation of ingested amino acids was almost immediately present in the breath of exercising bats,
suggesting the prompt use of the recent protein meal to fuel aerobic activity in this species. Indeed, we found that the time at
which breath samples were collected significantly influenced the proportion of exhaled CO2 exhibiting the 13C isotopic signature
of the tracer-enriched blood meal (i.e. fexo; sensu12; figure 3). Reliance on the blood meal occurred very rapidly after feeding,
with fexo exceeding 60% during the first exercise replicated on the treadmill, which occurred within 10 min of feeding. Over
time , fexo fell significantly as the absorbed substrates were either oxidized or otherwise sequestered from circulation, reaching
an average of 41 and 28% by the second and third exercise replicates, respectively. Importantly, the isotopically labelled amino
acids in the blood meal may have been more readily available for oxidation compared to proteins, potentially leading to an
overestimation of the reliance on a recent meal to fuel exercise. Indeed, Zhou et al. [20] found that mosquitos (Aedes aegypti)
metabolized 14C-labelled free amino acids in a protein-rich meal several hours before the significant hydrolysis of the meal
protein occurred. However, vampire bats have evolved a unique gastrointestinal morphology and specialized mechanisms
to expedite the digestion and assimilation of blood [21–24]. For instance, the gastric fundus of vampire bats exhibits higher
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Na+, K+ and H+ ATPase activities than mammals of a similar size, facilitating rapid water absorption and acid secretion for
protein hydrolysis [22]. Vampire bats possess limited capacities for regulating blood glucose levels during a fast and in storing
energy in the form of glycogen or fats [25], suggesting their ability to sustain exercise using these energy stores is similarly
limited. Instead, vampire bat skeletal muscle tissue seems capable of oxidizing amino acids from body stores and from ingested
blood meals at remarkably high rates, based on the consistent RER values of 0.8–0.9, and the rapid and extensive reliance on
oxidation of labelled ingested amino acids. Interestingly, flight is typically a far more energetically costly mode of locomotion
in vertebrates than running [26], yet to our knowledge, no studies have explicitly investigated the contribution of a recently
ingested blood meal to powering flight in vampire bats—an interesting avenue for future work.

More generally, our findings are consistent with other stable isotope experiments performed on bats with specialized,
nectar-rich diets, that showed recently ingested sugars supplied > 75% of the energy required to fuel hovering flight in the
Pallas’ long-tongued bat (Glossophaga mutica) just 30 min after feeding. By comparison, only 25–30% of a human’s energy
expenditure during exercise can be supported by a recently ingested sugars [27,28]. Much like vampire bats, nectivorous bats
have specialized mechanisms to facilitate the rapid use of ingested sugar to fuel activity, such as high levels of intestinal
sucrase for sucrose hydrolysis [29], paracellular pathways for intestinal sugar absorption [30] or high glucose transporter gene
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Figure 2. (a) The average respiratory exchange ratio (RER), (b) rate of carbon dioxide production (VCO2), (c) rate of oxygen consumption (VO2), and (d) cost of
transport (CoT) in Desmodus rotundus at 10, 20 and 30 m min−1. Asterisks denote significant differences between treadmill speeds when a significant main effect of
‘speed’ was detected (mixed effect model, p < 0.05). Error bars represent the standard error.
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expression [31]. Our findings highlight that bats possess highly efficient mechanisms for rapidly utilizing nutrients from their
meals to meet the energy demands of their unique lifestyles.

Non-essential amino acids, including glycine, are well integrated into multiple cellular metabolic pathways. While glycine
is a key substrate for purine production [32], it is also linked to pathways of ATP generation. Glycine can be produced from
glucose via the conversion of glycolytic intermediate 3-phosphoglycerate to the amino acid serine and serine’s conversion
to glycine [33]. Alternatively, glycine can be catabolized to support ATP production via its interconversion with serine, and
the further catabolism of serine to pyruvate, which can be transported into the mitochondria and further oxidized in the
tricarboxylic acid (TCA) cycle [32]. While acknowledging this, the contribution of glycine/serine to ATP production in skeletal
muscle during exercise is essentially undetectable in most mammals [34]. Instead, more glycine catabolized in mammals (e.g.
approx. 40% of whole-body glycine flux in healthy humans [35] is processed through the glycine cleavage system, in which
glycine is broken down, liberating CO2 and ammonia [32], but not leading to substantial ATP synthesis [32]). Because the
vast majority of whole animal CO2 production during moderate to intense aerobic exercise comes from oxidation of metabolic
substrates through the TCA, it seems improbable that the apparently high rate of glycine oxidation observed in running
vampire bats is due to glycine cleavage system activity. Rather, our results suggest a dramatically enhanced capacity for the
utilization of glycine, or related metabolic intermediates (e.g. serine) as aerobic fuels.

We found no evidence indicating that vampire bats discriminate between the amino acids oxidized during exercise. The
fexo values were similar between bats fed cow’s blood enriched with isotopically labelled leucine and glycine. Most mammals
possess the biochemical machinery to oxidize essential amino acids, particularly branch-chain amino acids such as leucine,
to support exercise. Several experiments using isotopically labelled leucine infusions have shown increased rates of leucine
oxidation in exercising mammals. Despite this, leucine oxidation typically accounts for less than 1% of total ATP turnover
during exercise [36–39]. However, leucine is known to play other important roles in exercise metabolism. For example, leucine
stored in the skeletal muscle can be catabolized to serve as a nitrogen donor for glutamine and alanine synthesis, both of which
are readily oxidized during exercise to generate ATP [38]. In our study, the labelled meal accounted for as much as 60% of
oxidized fuels in bats at peak usage. Our findings suggest that major enhancement of flux through these and related metabolic
pathways has evolved in vampire bats as an adaptation to make efficient use of those fuels ingested in abundance (i.e. blood
proteins and amino acids), marking a striking example of convergent evolution among both vertebrate and invertebrate obligate
blood-feeding animals.
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