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ABSTRACT
Bats are the only mammals capable of powered flight, allowing them to cover relatively long distances in a short time. However, 
the general inability of mammals to fuel endurance exercise solely by oxidizing fatty acids may prevent bats from undertaking 
long-distance intercontinental migrations—like birds do. Here, we conducted untargeted metabolomics to reveal the oxidative 
fuels used by wild caught Nathusius' pipistrelles. We investigated polar metabolites and lipids in whole blood from bats flying 
under controlled wind tunnel or field conditions and how metabolites respond to the physiological challenge. Around 70% of 
detected acyl carnitines were significantly elevated after flight in the wind tunnel compared to resting bats. The phospholipid 
levels varied; some increased while others decreased significantly after flight, and most did not return to resting levels within 1 h 
of recovery. During migration season, we observed a significant increase of phosphatidylethanolamines with unsaturated fatty 
acids and a bulk increase of several phosphatidylcholines and their lyso-derivatives. While migration had a clear effect on phos-
pholipids, recovering after flight in both seasons was less pronounced and only 24% of acyl carnitines were increased after 1 h of 
rest. We conclude that endurance exercise such as migration has a greater influence on lipid composition and their abundance 
than short flights, which indicates a relatively high relevance of fatty acid oxidation to fuel migration in bats.

1   |   Introduction

Long-distance migration requires animals to travel immense 
distances, sometimes over very short time frames. Even though 

the cost of transport is relatively low in flying migrants [1], mor-
phological and physiological adaptations are necessary to sup-
port high-intensity endurance exercise [2, 3]. Migratory birds 
are especially well adapted to endurance flights, with some 
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species capable of flying thousands of kilometers without show-
ing signs of exhaustion [4, 5]. Physiological adaptations to long-
distance migration are less well studied in bats, yet single flights 
of hundreds of kilometers have been reported in a few species 
[6–8], and some bats can cover thousands of kilometers between 
breeding and wintering grounds [9–12]. While migratory birds 
are known to fuel endurance flights primarily through fatty acid 
oxidation [2, 3, 13], fuel use in migratory bats is less well un-
derstood [14, 15]. Evidence suggests that bats hunt insects while 
migrating and upregulate fatty acid transport proteins during 
the migration season [16–18]. However, like most mammals, 
bats may be constrained in their ability to use fat as a fuel for 
high-intensity aerobic exercise, which may limit their capacity 
to cover similar distances as birds during migration [19, 20].

Many metabolic pathways are altered during exercise with the 
primary function of providing adenosine triphosphate (ATP) 
for muscle contraction. Dependent upon duration and inten-
sity, creatine phosphate, glycolysis, oxidative phosphorylation, 
glycogenolysis, lipolysis, fatty acid, and ketone body oxida-
tion are major pathways delivering ATP to fuel exercise [21]. 
Metabolomics can be used to study the metabolism of exercising 
mammals under natural conditions or controlled laboratory con-
ditions for short or long endurance training [22–25]. Untargeted 
metabolite profiling can be performed using a holistic strategy 
by applying mass spectrometry-based or nuclear magnetic reso-
nance spectroscopy-based approaches [26]. Untargeted metabo-
lomics cover a wider range of compounds and thus can be used 
to better explore rare metabolite classes or unexpected meta-
bolic pathways [26].

While a number of metabolomic studies have been carried out on 
migratory birds, to our knowledge, none have been done on mi-
gratory bats. Past studies on birds have mostly been conducted 
at migratory stop-overs [2], or in controlled laboratory condi-
tions [27]. In many cases, individuals were sampled while at rest 
and not during exercise. Here, we conducted a comparative un-
targeted metabolomic study in a bat species, the long-distance 
migrant Pipistrellus nathusii. We included both individuals 
exercising in captivity under controlled conditions and in the 
wild. We compare exercise (flight)-recovery profiles for whole 
blood sampled from bats under migratory and non-migratory 

conditions. Our study provides novel insights into polar metab-
olites and lipids during endurance exercise in mammals, specif-
ically, the potential convergent evolution of metabolic pathways 
to support high-intensity exercise in migratory bats.

2   |   Materials and Methods

2.1   |   Study Design

Blood sampling of bats took place under two collection protocols: 
(1) under controlled conditions in captive bats and (2) under field 
conditions in wild bats, illustrated in Figure 1. Under controlled 
conditions, bats were trained to fly in a wind tunnel for 30 min 
and whole blood samples were taken to compare metabolomes 
at rest, immediately after flight, and after 1 h of rest recovery. To 
compare similar exercise (flight)-recovery profiles in bats prior to 
and during the migration season, we also collected blood samples 
from free-ranging individuals immediately after flight (within 
3 min of capture) and after 1 h of recovery. For both protocols, we 
collected blood in the same manner by puncturing the vein of the 
uropatagium (near the tail) with a sterile 27 G needle. Prior to any 
procedure, the site of puncture was sterilized with ethanol. We 
then collected approximately 60 μL of whole blood in a heparin-
ized capillary tube. We used a capillary pipette to expel the blood 
into a 2 mL cryovial, which was sealed and immediately placed 
within a dry shipper and cooled with liquid nitrogen. Samples 
were shipped in the dry shipper from the site of collection to the 
laboratory and then stored at −80°C until metabolite extraction. 
We chose blood as the preferred sample type because metabolites 
from muscles, bones, and liver are released into the bloodstream 
as a result of aerobic respiration and lipolysis [21]. Moreover, 
blood can be collected in a minimally invasive way.

2.1.1   |   Sample Collection in Bats During Controlled 
Wind Tunnel Experiments (Controlled Conditions)

We captured 16 adult P. nathusii (8 male, 8 female, body 
mass = 8.7 ± 1.2 g; mean ± standard deviation) at the Pape Bird 
Ringing Station, Latvia (56°09′57″′ N 21°01′02″ E, Rucava 
municipality), during the migration season in September 

FIGURE 1    |    Study design and sample collection scheme of Pipistrellus nathusii flying under controlled conditions (wind tunnel) and field condi-
tions (free-ranging) before and during migration season.
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2020 under permit number 184/2020 of the Latvian Nature 
Conservation Agency. After 5 days of acclimatization, bats 
were transferred to Lund University, where they were kept in 
indoor cages in groups of four under the permit number 5.8.18-
1012472018 of the Lund-Malmö board for ethics in animal re-
search. While in captivity bats were hand fed a diet of Tenebrio 
molitor larvae (mealworms) supplemented with juvenile hand-
feeding formula (Harrison's Bird Foods, Tennessee, USA), and 
were provided water ad  libitum in cages. In Lund, bats were 
trained to fly in a low-turbulence wind tunnel in pairs at wind 
speeds between 6 and 8 m/s [28], which is close to the flight 
speeds of migratory bats in the field [29]. An individual was 
considered trained when it flew for more than 10 min without 
landing, which took between three and seven training days. 
Following this training, we began experimental flights with in-
dividuals flying in pairs for at least 30 min. All flight training 
and experimental flights took place during the active phase of 
the bats between sunset and 2 am. Bats were fasted for at least 
16 h prior to flight and were fed and given water after each ex-
perimental flight. In nature Nathusius' pipistrelles occasionally 
forage until dawn and will not become active again until ~1 h 
after sunset; therefore, inactive (or fasting periods) are at least 
11–18 h/day in their summer/autumn range. Each individual 
underwent two experimental flights, which were conducted on 
separate days and in a randomized order to ensure that blood 
volume was replenished between flights. Whole blood sam-
ples were collected immediately after flight (post-exercise) or 
1 h after the flight (recovery) (Table 1). At the end of the entire 
experimental period, after 1 week of no flight experiments, a 
third blood sample was taken during the rest phase between 
10 am and 2 pm from each individual in a fasted state (resting) 
(Table 1).

2.1.2   |   Sample Collection in Free-Ranging Bats (Field 
Conditions)

To compare with bats under field conditions, we collected 
blood samples from free-ranging bats prior to and during the 
migration season in Latvia under permit number 114 issued by 
the Food and Veterinary Service to the Faculty of Veterinary 
Medicine of the Latvia University of Agriculture and per-
mit number 184/2020 of the Latvian Nature Conservation 
Agency. In July 2021, prior to the migration season, we col-
lected samples from a total of 23 bats (7 male, 16 female, body 
mass = 7.5 ± 1.2 g) at Engure Ornithological Station Latvia 
(57°15′34″ N 23°08′08″ E, Engure municipality), of which 16 
samples with sufficient volume could be included in the final 
analysis (Table  1). During the migration season in the same 
year (August 2021), we collected samples from a total of 42 (18 

males, 24 females, body mass = 8.0 ± 0.7 g) bats at Pape Bird 
Ringing Station, of which 31 samples had sufficient volume 
to be included in final metabolomics analysis. All bats were 
captured in mid-flight using mist nets or a hand net. Similar 
to the controlled wind tunnel experiments, whole blood was 
collected either immediately post-exercise (within 3 min of 
capture in flight) or after 1 h of recovery (Table 1).

2.2   |   Untargeted Metabolomics Using HILIC 
UHPLC–MS/MS Analysis

2.2.1   |   Materials

Milli-Q water was obtained from a Milli-Q Integral Water 
Purification System (Billerica, MA, USA); acetonitrile (ACN) 
and methanol (MeOH) were purchased from Merck (LiChrosolv, 
hypergrade for LC–MS; Merck KGaA, Darmstadt, Germany). 
Ammonium acetate (NH4Ac; LiChropur eluent additive for LC–
MS; Merck KGaA) at 0.5 mol/L was adjusted to pH 4.6 with gla-
cial acetic acid (Honeywell; Fluka, Seelze, Germany).

2.2.2   |   Sample Collection and Preparation

Whole blood was collected from a total of 87 wild bats captured 
in Latvia as described above. Blank samples were prepared by 
using three heparinized capillary tubes and dipping them into 
50 μL milli-Q water, and 25 μL was added to 75 μL ACN and 
treated in the same way as blood samples for metabolite ex-
traction. Each whole blood sample was extracted with three 
times the volume of ice-cold ACN, vortexed for 10 s, and centri-
fuged for 10 min (15 300 × g, 4°C). Supernatants were transferred 
into tubes and stored at −20°C until analysis.

2.2.3   |   HILIC LC–MS/MS

Whole blood samples were analyzed by using a UHPLC sys-
tem (ExionLC; AB Sciex LLC, Framingham, MA, USA) cou-
pled to a quadrupole time-of-flight (TOF) mass spectrometer 
(X500 QTOF MS; AB Sciex LLC). The mass spectrometer 
was operated in negative and positive electrospray ionization 
mode (ESI(−/+)), by using a TurboIonSpray (AB Sciex LLC). 
The MS was operated in TOF MS and TOF MS/MS scan mode. 
The TOF MS analyzed mass-to-charge ratios (m/z) between 
65 and 1000 Da in profile mode, and MS/MS were generated 
in data dependent acquisition mode (information-dependent 
acquisition). Mass spectrometer specific parameters are sum-
marized in Table S1.

TABLE 1    |    Details of sampling conditions and number of samples used in analyses. All post-exercise samples were taken within 3 min of capturing 
bats mid-flight. All recovery samples were taken from individuals captured mid-flight and left to rest for 1 h.

Controlled conditions Field conditions

Resting Post-exercise Recovery

Prior migration season During migration season

Post-exercise Recovery Post-exercise Recovery

13 (8 female, 
5 male)

16 (8 female, 
8 male)

11 (6 female, 
5 male)

7 (5 female, 
2 male)

9 (6 female, 
3 male)

17 (11 female, 
6 male)

14 (5 female, 
9 male)
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Separation of polar metabolites was carried out by an iHILIC-
Fusion UHPLC column SS (100 × 2.1 mm, 1.8 μm, 100 Å; 
HILICON AB, Umeå, Sweden), as described previously [30]. 
Eluent A consisted of 5 mmol/L NH4Ac (pH 4.6) in 95% ACN 
(pH 4.6), and eluent B consisted of 25 mmol/L NH4Ac (pH 4.6) 
in 30% ACN. The run started with 0.1% B, keeping it constant 
for 2 min, then increased B to 99.9% over 7.5 min. 99.9% B 
was kept for 2 min and reversed to 0.1% B within 0.1 min and 
held for an additional 0.1 min. The run was completed after 
12.1 min, and the column was equilibrated for 5 min before 
the next injection. The flow rate was set to 0.5 mL/min, the 
column temperature to 40°C, and the sample manager was 
cooled to 4°C; 5 μL of the sample was injected into the column. 
The weak and strong washes consisted of 95% and 10% ACN, 
respectively. Samples, blanks (extraction controls), pooled 
sample and 75% ACN were measured within the LC–MS/MS 
batch. Pooled sample was used to condition the HILIC column 
and was injected after every tenth sample. Samples were run 
in a randomized order.

2.2.4   |   Data Processing and Metabolite Identification

The raw LC–MS data were post-processed in GeneData 
Expressionist Refiner MS (version 15.0.7; GeneData GmbH, 
Basel, Switzerland), including chemical noise subtraction, 
chromatogram retention time alignment (Pairwise Alignment 
Based Tree with maximum retention time shift of 0.2 min), 
chromatographic peak picking, blank peak filter (minimum 
sample to blank ratio of 10, geometric mean), chromatogram iso-
tope clustering, valid feature filter (cut-off of 50 ESI(+) or 1000 
ESI(−)) maximum intensity and presence of features in at least 
10% of samples for ESI(−/+), retention time range restriction 
(0.4–9.0 min), annotation of known peaks (mass-to-charge tol-
erance of 0.005 Da and retention time tolerance of 0.3), and MS/
MS consolidation (keep the MS/MS with highest total ion count 
per peak within one sample) and export to single MASCOT ge-
neric files (MGFs). Data processing resulted in a matrix contain-
ing features with mass-to-charge ratios (m/z), retention times, 
and observed maximum intensities for each sample. MS/MS of 
features across samples were combined with the consensusSpec-
trum function of the MSnbase package [31], using mzd of 0.005, 
minProp of 0.1 and sum for the intensityFun argument. Ions of 
MS/MS were matched with 0.005 Da, and intensities of aggre-
gated peaks were summed, if ions were present in minimum 
10% of matched spectra. Ions with intensities ≤ 500 and m/z val-
ues ≥ precursor m/z + 2 were discarded from consensus spec-
tra. Identification was done by matching experimental MS/MS 
spectra against spectral libraries, downloaded from MassBank 
of North America and MS-DIAL LipidBlast (version 68) by using 
MSPepSearch release: 02/22/2019; 0.01 Da mass tolerance for 
precursor and fragment searches. We removed matches with 
dot product < 500 and multiple matches were filtered by highest 
dot product. Furthermore, GNPS molecular networking, GNPS 
Library Search, Sirius 4.9, and MS2Query were used to facilitate 
metabolite identification or classification of experimental MS/
MS [32–34]. The GNPS Library Search was conducted with the 
following settings: The precursor ion mass tolerance and frag-
ment ion mass tolerance were set to 0.01 Da, minimum matched 
peaks were set to 1, and the score threshold was set to 0.5. 
GNPS Molecular Networking was performed with the following 

settings: the precursor ion mass tolerance was set to 0.01 Da, the 
MS/MS fragment ion tolerance was set to 0.01 Da, and the cosine 
score was set to > 0.5 with a minimum matched peak of 1, TopK 
was set to 10, the maximum component size was set to 100, the 
maximum shift was set to 200 Da, the minimum cluster size was 
set to 1, and the maximum analog search mass difference was 
set to 500. MS2Query hits were kept with ms2query_model_
prediction values > 0.5. The cf_direct_parent of the MS2Query 
classification was used for visualization and the identities of in-
dividual features were picked from spectral library or in silico 
matches of MS/MS, as described above. Data and metabolite 
identities are summarized in Table  S2a–c. For selected lipids, 
shorthand notation was applied, mainly using species level and 
molecular species level annotation [35]. Targeted peak picking 
of amino acids was conducted using Sciex OS Analytics 3.0 (AB 
Sciex LLC), summarized in Table S3.

2.3   |   Statistical Analysis

Statistical analyses were performed in R version 4.5.1 and 
RStudio 2025.09.1 [36, 37]. Unsupervised and supervised mul-
tivariate statistical analyses such as Principal Component 
Analysis (PCA) and Partial Least Squares—Discriminant 
Analysis (PLS-DA) were applied to account for the high-
dimensional structure of metabolomics data, to reduce dimen-
sionality and to obtain a global view of the data. PLS-DA was 
used to select the most predictive metabolites, responsible for 
the classification of interest. The performance of the PLS-DA 
model was confirmed by area under the curve values and p 
values, by evaluating them in the first and second components. 
Furthermore, variables important for the projection (VIP) were 
extracted from the first and second components of the PLS-DA 
and VIP > 1 were considered to contribute to the discrimina-
tion. Multivariate statistical analysis was performed using the 
mixOmics package [38]. Maximum intensity values were unit-
variance scaled prior to multivariate statistical analysis, and 
missing values were zero-imputed. Additionally, linear models 
were used to assess the influence of physiological state, migra-
tion, and sex on differences in metabolites with VIP > 1. We con-
sidered metabolites with VIP > 1 as most discriminative and p 
values ≤ 0.05 as statistically significant.

3   |   Results

3.1   |   Profiling of Whole Blood Metabolome by 
HILIC LC–MS/MS

First, we explored the polar metabolome of whole blood samples 
collected from Nathusius' pipistrelles and analyzed by HILIC 
LC–MS/MS in positive ESI(+) with n = 87 and negative ESI(−) 
ionization mode with n = 84. The samples originate from two 
studies, collected under controlled (n = 40) and field conditions 
(n = 47) (Table  1). In ESI(+), we detected 2465 features with 
1153 MS/MS spectra. In ESI(−), we detected 1533 features with 
816 MS/MS spectra that were present in at least 10% of the data 
(Figure  2A). Around 25% of features were shared among all 
bats, and around 37% of features were identified by matching 
MS/MS against spectral libraries and usage of in silico tools. For 
further analysis, we categorized metabolites into major classes 
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(Figure 2B). MS/MS spectra of ESI(−/+) were mostly identified 
as lipids with polar headgroups, such as phosphatidylcholines 
(n = 137), phosphatidylethanolamines (n = 108), linoleic acids 
and derivatives (n = 45), 1-acyl-sn-glycero-3-phosphocholines 
(n = 37), acyl carnitines (n = 34), phosphatidylglycerols (n = 26), 
and phosphatidylserines (n = 17) (Figure 2B).

3.2   |   Whole Blood Metabolome of Captive Bats 
Under Controlled Conditions

To understand the effect of exercise on the whole blood metab-
olome of bats, we collected blood samples from bats (n = 40) ei-
ther immediately post-exercise (n = 16) or after 1 h of recovery 
(n = 11) from flight in a wind tunnel (controlled conditions), 
compared to a fasted resting state (n = 13). A PCA accounted 
for approximately 32% of the total variance in metabolites, 
but without any exercise-related clustering (Figure  S1A,B). 
Supervised PLS-DA analyses revealed some clear clustering 
associated with exercise versus rest (Figure  3A,B). We ob-
served that 12% of the total variance was explained in the 
first component of the PLS-DA (Figure  3A,B). Samples col-
lected from resting bats could be distinguished from samples 
collected from bats after flight (including samples collected 
immediately post-flight and after 1 h of recovery) based on 
significant area under the curve (AUC)-values of the PLS-DA 
model (Table S4). In the second component of the PLS-DA, we 
also found significant AUC values for samples collected from 

bats after 1 h of recovery, compared to other groups. In total, 
1065 features in ESI(+) and 446 features in ESI(−) had vari-
ables important for the projection (VIP) values > 1 for the first 
component of the PLS-DA. Most of the features were elevated 
immediately post-exercise in ESI(−/+), compared to resting 
and recovery phase (Figure 3C). Phosphatidylethanolamines 
(PE; n = 45), phosphatidylcholines (PC; n = 42), and lineolic 
acid and derivatives (n = 14) showed varied responses to ex-
ercise, with the majority increasing but some also decreasing 
(Figure  3C). All acyl carnitines (CAR; n = 27) increased im-
mediately post-exercise and many remained elevated during 
recovery, for example CAR 12:0, but dropped significantly 
compared to post-exercise, without reaching completely base-
line levels (Figure 3D). Lysophosphatidylcholine (LPC O-13:0) 
was increased at exercise and remained elevated during recov-
ery, while PE 36:3 (PE 18:1_18:2) showed the opposite pattern, 
decreased with exercise and did not recover 1 h after flight 
(Figure 3D).

We used linear models to test whether exercise and sex explained 
some variation in the metabolite data. Most of the metabolites 
were only influenced by flight (n = 685), with less metabolites 
affected by sex, mostly observed in ESI(+) (n = 33) (Figure 4A). 
We found that the short flights of bats in the wind tunnel were 
associated with high counts of phosphatidylethanolamines 
(n = 36), phosphatidylcholines (n = 32), acyl carnitines (n = 24), 
and N-acyl-alpha amino acids and derivatives (n = 9), mainly 
increased directly after flight compared to the resting state 

FIGURE 2    |    Global overview of whole blood metabolome of Nathusius' pipistrelles. (A) Histogram of metabolite features showing their distribu-
tion and number present in at least 10% of whole blood samples collected from Nathusius' pipistrelles, analyzed with HILIC LC–MS/MS in negative 
and positive electrospray ionization mode (ESI(−/+)), with n = 84 for ESI(−) and n = 87 for ESI(+). (B) Diversity and abundance of metabolite classes 
detected in whole blood samples, whereby metabolite features were identified and categorized by the in silico tool MS2Query and only classes with 
scores > 0.5 and total count > 10 were visualized.
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(Figure 4B). In many cases, the effects of exercise continued to 
be evident after 1 h of recovery. For example, the fatty acid FA 
18:3 called linolenic acid, PE 37:5 (PE 20:4_17:1; 20:5_17:0), and 
PE O-36:6 (PE P-16:0/20:5) were similarly elevated immediately 
post-exercise and after 1 h of recovery when compared with the 
resting state (Figure  4C). Two medium-chain acyl carnitines, 
CAR 10:0 and CAR 11:1, showed a slightly different pattern of 
elevation, declining after recovery but not returning to a resting 
level (Figure  4C). Whereas choline, a precursor of phosphati-
dylcholines, was lower in blood samples collected immediately 

after post-exercise and returned to a resting level after recov-
ery (Figure 4C). We also found several other short-, medium-, 
and long-chain acyl carnitines affected by exercise (Table S5). 
Interestingly, four metabolites from the class of N-acyl taurines 
were elevated immediately after flight and returned to resting 
levels after 1 h of recovery (Figure S2A). Furthermore, two phos-
phatidylcholines (PC 34:1 [PC 16:0_18:1] and PC-DAG 34:5 [PC-
DAG 16:0_18:5]) showed elevated intensities in both post-flight 
groups compared to rest, while two other phosphatidylcholines 
(PC 34:0 [PC 16:0_18:0] and PC 36:2 [PC 18:0_18:2]) showed the 

FIGURE 3    |    Blood metabolome profiles, classes and individual metabolites of Nathusius' pipistrelles in response to flights under controlled con-
ditions. (A, B) Partial least squares-discriminant analysis scores (PLS-DA) score plots visualizing metabolite data derived from negative and positive 
electrospray ionization mode ESI(−/+) of whole blood samples, collected from bats under controlled conditions, at resting, post-exercise and recovery. 
(C) Bar plot illustrates the number of metabolite classes affected by flights under controlled conditions, analyzed in ESI(−/+), including only fea-
tures with variables important for the project (VIP) > 1 and counts > 5. (D) Boxplots of CAR 12:0, LPC O-13:0, and PE 36:3 displaying their maximum 
intensities based on physiological state (colors as for panels A and B). Significance was calculated using linear models for metabolites with VIP > 1: 
p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). Color coding and number of samples (n = 40): resting (light blue): n = 13, post-exercise (red): n = 16, and recov-
ery (green): n = 11. CAR, acyl carnitine; expl. var., explained variance; LPC, lysophosphatidylcholine; PE, phosphatidylethanolamine.
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opposite pattern (Figure S2B). Five amino acids out of 18 were 
significantly altered under controlled flying conditions, shown 
in Figure S3A–C.

Alanine (Ala) was increased directly after flight (post-exercise) 
compared to recovery and resting values. Glutamic acid (Glu) 
and glycine (Gly) were significantly reduced in the recovery 
group compared to post-exercise levels, whereas valine (Val) was 
reduced in bats directly after flights (post-exercise) compared to 
resting values (Figure S3A). Tyrosine (Tyr) was significantly in-
creased in bats immediately after post-exercise and returned to 
resting levels after recovery (Figure S3B).

3.3   |   Whole Blood Metabolome in Free-Ranging 
Bats Across Seasons

Principal component analysis (PCA) for ESI(−/+) revealed a 
high variability and no specific clustering of samples or metab-
olites according to season (premigration vs. migration) or phys-
iological state (post-exercise vs. recovery; Figure  S4A,B). We 
visualized the first two components of metabolite data obtained 
from migrating bats (n = 47), which explained around 23% of the 
total variance for ESI(−/+). Partial least square discriminant 
analysis (PLS-DA) model separated visually the two seasons in 
the first dimension, with around 11% of the total variance ex-
plained (Figure 5A,B). Physiological state emerged as a discrim-
inating factor in the second dimension of the PLS-DA, covering 

7% of the total variance. AUC values and p values were calcu-
lated for the first and second component of the PLS-DA and re-
vealed significant differences for all four comparisons with all 
AUC values above 0.9, while three reached significance already 
in the first component (Table S4). To identify those metabolites 
that discriminate between groups in pairwise comparisons 
(one group vs. others) in the PLS-DA score plots, we extracted 
the VIP values of the first and second dimension and defined 
features with VIP values > 1 as most promising candidates. In 
the first dimension of the PLS-DA, 942 features in ESI(+) and 
536 features in ESI(−) distinguished at least one group from the 
others, while in the second dimension, 1065 features in ESI(+) 
and 588 features in ESI(−) distinguished one group from the 
others. A substantial number of phosphatidylcholines, phospha-
tidylethanolamines, and acyl carnitines were affected by season 
and physiological state (Figure  5C). Most of the classes were 
increased during migration season and in recovery state with 
phosphatidylcholines (n = 141), phosphatidylethanolamines 
(n = 68), and acyl carnitines (n = 9) (Figure 5C,V). Lower counts 
of classes were observed for phosphatidylcholines (n = 45) and 
phosphatidylethanolamines (n = 60), which were increased 
during migration season and post-exercise (Figure 5C, II). Some 
of the phosphatidylethanolamines (n = 72) were only affected 
by migration (Figure 5C, VII + VIII). For example, PE 38:7 (PE 
20:4_18:3; 20:5_18:2), PC 35:1 (PC 17:0_18:1), and CAR 20:4 in-
creased in blood in bats during the migratory season compared 
to prior migratory season and only CAR 16:4 was significantly 
different due to physiological state (Figure 5D).

FIGURE 4    |    Exercise- or sex-driven response of blood metabolite classes and metabolites of Nathusius' pipistrelles under controlled conditions. 
(A) Bar plots representing the count of metabolites significantly altered by one or two conditions in negative and positive electrospray ionization 
mode ESI(−/+). (B) Distribution of metabolite classes which were significantly altered by exercise under controlled conditions in ESI(−/+) with 
counts > 5. (C) Boxplots of one fatty acid FA 18:3, two phosphatidylethanolamines (PE 37:5 and PE O-36:6), two acyl carnitines (CAR 10:0 and CAR 
11:1) and choline, displaying their maximum intensities as a function of physiological state. Significance was calculated using linear models account-
ing for exercise and sex for metabolites with VIP > 1: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). Color coding and number of samples (n = 40): resting 
(light blue): n = 13, post-exercise (red): n = 16, and recovery (green): n = 11. CAR, acyl carnitine; FA, fatty acid; PE, phosphatidylethanolamine.
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Since PLS-DA cannot discriminate whether metabolites are 
altered by multiple biological factors, we applied linear mod-
els to all features with VIP > 1 from PLS-DA using season, 

physiological state, and sex as potentially relevant factors. We 
observed that most of the metabolites were influenced by sea-
son (n = 677) and by physiological state (n = 137), with only 

FIGURE 5    |    Blood metabolome profiles, classes and selected metabolites collected from free-ranging Nathusius' pipistrelles prior to and during 
the migratory season and two physiological states. (A, B) Partial least squares-discriminant analysis (PLS-DA) scores plot visualizing metabolite 
data derived from negative and positive electrospray ionization mode ESI(−/+) of whole blood samples analyzed from free-ranging bats under field 
conditions collected from two seasons. Samples were taken immediately post-exercise or after 1 h of rest as recovery in both seasons. (C) Bar plots 
illustrating metabolite classes affected by season and physiological state in ESI(−/+), specifically metabolite features with variables important for the 
projection (VIP) > 1 and counts > 5. (D) Boxplots of two phospholipids (PE 38:7 and PC 35:1) and one long-chain acyl carnitine (CAR 20:4), displaying 
their maximum intensities, divided into four groups by season and physiological state. Significance was calculated using linear models accounting 
for migration, exercise and sex for metabolites with VIP > 1: p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). Color coding and number of samples (n = 47): 
dark green = prior migration post-exercise (n = 7), light green = prior migration recovery (n = 9), orange = during migration post-exercise (n = 17), yel-
low = during migration recovery (n = 14). CAR, acyl carnitine; expl. var., explained variance; PC, phosphatidylcholine; PE, phosphatidylethanolamine.
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a few (n = 33) being affected by sex (Figure  6A). Exercise and 
sex-specific differences were most pronounced in ESI(+). A total 
of 257 features were influenced by two factors in both ioniza-
tion modes and a small number of features by all three factors 
(n = 13). As outlined by PLS-DA, linear models revealed the most 
significant differences were related to season. We observed the 
highest count of features for phosphatidylcholines (n = 56) and 

phosphatidylethanolamines (n = 36), which support the results 
of our multivariate statistics (Figure  6B). Physiological state-
related metabolites (post-exercise and recovery) were extracted 
from the linear model, with 10 phosphatidylcholines summariz-
ing that this class is significantly associated with both season 
and physiological state of Nathusius' pipistrelles, whereas phos-
phatidylethanolamines varied only with season (Figure 6C). We 

FIGURE 6    |    Migration-, exercise-, or sex- driven response of blood metabolite classes and metabolites of Nathusius' pipistrelles under field condi-
tions. (A) Bar plot visualizing the number of significant metabolite features influenced by season, physiological state or sex or by their interactions. 
(B) Distribution of metabolite classes significantly altered through migration for negative and positive ionization mode ESI(−/+). (C) Distribution of 
metabolite classes significantly altered through physiological state for negative and positive ionization mode ESI(−/+). (D) Boxplots of six metabo-
lites, displaying the effect of migration (PE 40:9 and PC 40:3), exercise (CAR 14:1 and hypoxanthine), or migration + exercise (deoxyuridine and al-
lantoin). Significance was calculated using linear models accounting for migration, exercise, and sex for metabolites with VIP > 1: p < 0.05 (*); p < 0.01 
(**); p < 0.001 (***). Color coding and number of samples (n = 47): dark green = prior migration post-exercise (n = 7), light green = prior migration 
recovery (n = 9), orange = during migration post-exercise (n = 17), yellow = during migration recovery (n = 14). CAR, acyl carnitine; PC, phosphati-
dylcholine; PE, phosphatidylethanolamine.
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found two further classes such as acyl carnitines (n = 8) and py-
rimidine 2′-deoxyribonucleosides (n = 6) that were significantly 
influenced by exercise across seasons (Figure 6C). Phospholipids 
such as PE 40:9 (PE 20:4_20:5) and PC 40:3 (PC 18:0_22:3) were 
significantly affected by migration and increased during mi-
gration season (Figure  6D, “Migration effect”). CAR 14:1 and 
Hypoxanthine showed a significant exercise effect (Figure 6D, 
“Exercise effect”). Deoxyuridine and allantoin were both re-
duced during recovery from exercise compared to immediately 
post-exercise, regardless of season, but were increased prior to 
migration (Figure 6D, “Migration + Exercise effects”).

Out of 18 amino acids, 10 (Ala, Gln, His, Pro, Phe, Thr, Trp, 
Tyr, Leu/Ile, and Lys) were influenced by physiological state 
alone, independent of season (Figure S3A–C). They were only 
significantly changed due to physiological state, with higher lev-
els immediately post-exercise compared to the recovery phase 
(Figure  S3A–C). We also observed a strong tendency toward 
higher amino acid levels in non-migratory bats post-exercise 
compared to the recovery state. Four amino acids (Asn, Gly, 
Met, and Val) were significantly influenced by both season and 
physiological state and were lower during recovery from exer-
cise (Figure S3A). Arginine (Arg) and Serine (Ser) were altered 
by migration but remained unaffected by the physiological state, 
where Arg was reduced prior and Ser increased prior to migra-
tion (Figure S3A).

4   |   Discussion

Flying vertebrates possess a number of physiological adapta-
tions that enable them to undertake high-intensity exercise 
during migration, sometimes even over long distances. While it 
is clear that migratory birds fuel endurance flights mostly with 
fatty acids [2, 3, 13], only a handful of studies have been con-
ducted about the oxidative fuel used by migratory bats [17, 18]. 
To our knowledge, no studies have applied metabolomics to 
compare post-exercise individuals between the migration and 
non-migration seasons, or in wind tunnel settings under con-
trolled conditions. Metabolomic studies performed on biologi-
cal samples of wild mammals are still rare, despite significant 
progress in metabolomics research on humans and laboratory 
mammals [39]. Recently, there has been a growing interest in 
untargeted metabolomics to study avian metabolism during mi-
gration, capturing a broader picture of metabolism rather than 
focusing on bulk lipids and their fatty acid composition or com-
pounds involved in energy metabolism [40–42].

In general, bats flying under controlled conditions respond 
with comparable counts of phosphatidylethanolamines (PEs) 
and phosphatidylcholines (PCs). These responses may appear 
as increases and decreases after exercise compared to the rest-
ing state. Most metabolites were altered immediately after exer-
cise and did not return to the level of resting individuals, even 
after 1 h of recovery. Although lipids are major components of 
the human exercise metabolome [43], their role as an oxidative 
fuel remains uncertain. Acyl carnitines, such as CAR 12:0, 
CAR 10:0, and CAR 11:1, showed a clear pattern in bats, with 
all of them increasing during exercise and significantly de-
creasing during recovery. However, they did not reach baseline 
levels after 1 h of rest. The observed increase of acyl carnitines 

induced by exercise and their subsequent recovery are highly 
important, as these metabolites play a pivotal role in the trans-
port and β-oxidation of fatty acids within mitochondria (car-
nitine shuttle). First, fatty acids are activated to acyl-CoAs by 
acyl-CoA synthetases. Then, they are converted to acyl carni-
tines by carnitine palmitoyltransferase I on the outer mitochon-
drial membrane. Acyl carnitines are subsequently transported 
into the mitochondrial matrix by carnitine-acylcarnitine trans-
locase, where they are reconverted to acyl-CoAs by carnitine 
palmitoyltransferase II for entry into the β-oxidation pathway, 
ultimately generating ATP [44, 45]. Therefore, the transient 
increase of acyl carnitines during exercise is a strong indica-
tor of active fatty acid transport and oxidation. Our findings 
align well with several previous studies in exercising laboratory 
mammals. For instance, studies on rats have demonstrated an 
increase in acyl carnitines in plasma after 45 min of running 
[46]. Specifically, short-chain (C2–C5), medium-chain (C6–
C12), and long-chain acyl carnitines (C13–C20) increased, re-
flecting an enhanced import of fatty acids into muscle tissue to 
meet energetic demands [46]. Ezagouri et al. observed around 
300 muscle metabolites altered by moderate-intensity exercise 
executed in mice. These included several phospholipids such 
as PCs, PEs, and phosphatidylglycerols (PGs), which decreased 
after exercise [47]. Of the 38 acyl carnitines examined, 17 were 
found to be dependent on both exercise and time. Many of these 
increased after exercise, including CAR 16:0, CAR 10:0, CAR 
8:0, and CAR 6:0. This suggests incomplete fatty acid oxidation 
and mitochondrial overload in muscles. Humans performing 
moderately intense exercise increased their acyl carnitine lev-
els immediately after running, which then dropped back to 
baseline levels 3 h post-run [48], which is consistent with our 
results. A recent multi-omics study in humans identified a sub-
stantial quantity of complex lipids, including cholesteryl esters, 
PCs, diacylglycerols, ceramides, and sphingomyelins, which 
increased directly after acute exercise [49].

Although there is limited direct evidence from non-model or-
ganisms focusing specifically on acyl carnitine dynamics during 
exercise, several metabolomics and mechanistic studies in 
model organisms and humans consistently reinforce the critical 
role of acyl carnitines as indicators of fatty acid flux and mito-
chondrial function, and even as potential signaling molecules, 
during physiological exertion [50]. While the carnitine shuttle 
is known to mediate fatty acid transport into mitochondria in 
birds [51], we found no previous studies that measured acyl car-
nitines and their potential changes in birds or bats following 
short-duration flights under trained conditions. Studies solely 
showed that carnitine palmitoyltransferase (CPT) activity did 
not change significantly with short-term flight or cold training 
in house sparrows, but both maximal exercise and thermogenic 
metabolic rates were positively correlated with CPT activ-
ity  [52]. Some avian studies measure acyl carnitines in blood, 
for example, in Quaker parrots [53], or in gray and blue tits [54], 
and this existing data support the feasibility of measuring this 
metabolite class in birds and bats. Another important but rarely 
reported class of metabolites is the N-acyl taurines (NATs) [55], 
which were significantly altered in whole blood of flying bats 
and showed similar patterns to acyl carnitines, and in our study, 
we could identify four long-chain NATs. A past study in humans 
showed that short-chain forms of carnitine and taurine are in-
creased significantly after full marathon, with no impact on 
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free carnitine and taurine [56]. In our controlled experiments, 
post-flight bats showed the same response with increased levels 
of short- and long-acyl carnitines and NATs but not their pre-
cursors. Long-chain NATs regulate metabolism, modulate TRP 
channels, support mitochondrial energy use, reduce inflam-
mation, and contribute to endocannabinoid-related signaling 
[57, 58]. However, their role in non-model mammals remains 
largely unexplored.

We also present evidence of increased levels of metabolites as-
sociated with lipid metabolism in free-ranging Nathusius' pipis-
trelles. In our comparison of whole blood profiles of migrating 
and non-migrating bats, we identified several lipid classes that 
differed between the two seasons, including PCs, PEs, PGs, and 
acyl carnitines. This finding challenges the widely held notion 
that mammals have limited capacity to transport and oxidize 
fatty acids during exercise [19, 20]. Our results also suggest that 
the levels of these lipid classes are influenced by physiological 
state and sex, however to a much lesser degree than season. We 
observed that PEs consisting of unsaturated fatty acids (e.g., 
PE 38:7, PE 37:4, and PE 37:5), changed significantly during 
migration whereas those with saturated fatty acids did not. As 
mammals, bats are incapable of synthesizing polyunsaturated 
fatty acids de novo, and must therefore acquire these fatty acids 
from their diet in order to build this kind of PEs [59]. Nathusius' 
pipistrelles have been shown to consume more insect species 
inhabiting aquatic environments, such as Cyphon phragmiteti-
cola and Agonum piceum, during the migration season, whereas 
bats from summer colonies fed predominantly on forest-
associated species like Bupalus pinaria and Promethes sulcator 
[16]. Aquatic and riparian insects are typically richer in long-
chain polyunsaturated fatty acids, which could contribute to the 
higher abundance of unsaturated PEs detected in migratory bats 
[60]. These findings indicate that seasonal dietary shifts may in-
fluence the lipid composition of bat blood, providing a dietary 
route for metabolic adaptation during migration. Some evidence 
suggests that migratory birds benefit from dietary polyunsatu-
rated fatty acids, which improve exercise by increasing the ca-
pacity for oxidative metabolism [61]. Polyunsaturated fatty acids 
(n-3) also act as ligands for peroxisome proliferator activator re-
ceptors, thereby upregulating genes involved in fatty acid trans-
port, β-oxidation, and mitochondrial biogenesis. Alternatively, 
they are incorporated into flight muscle membranes, thereby 
altering the membrane fluidity and the activity of membrane-
bound proteins in cellular and organelle membranes such as 
those in mitochondria. Different bird studies show that phos-
pholipid composition changes with physiological demands, but 
the direction of change in phospholipids is not always the same 
[41, 62, 63]. A more recent comparison of chickadees and gold-
finches also demonstrated seasonal remodeling: both species 
increased PC(18:0/20:4) in winter, and only the non-migratory 
chickadees maintained higher polyunsaturated fatty acids into 
the cold season [41]. These studies highlight that diet, season, 
and metabolic strategy shape phospholipid profiles differently 
across species, and similar factors may explain the phospholipid 
patterns we see in bats.

As stated above, migration impacts phospholipid metabolism, 
resulting in increased PC, PEs, and lysoPCs. There were no 
changes in choline, a PC precursor, and a decrease in serine, but 
no change in phosphatidylserines (PS), lysoPS, and lysoPEs. The 

enhanced Kennedy pathway provides complex lipids (PCs and 
PEs) for membrane synthesis or remodeling. However, there is 
a preference for unsaturated PEs with a nonselective bulk in-
crease in PC [64]. We hypothesize that fatty acid remodeling, 
also known as the Lands cycle, occurs specifically in PC/lysoPC 
but not in PE/lysoPE or PS/lysoPS via lysophosphatidylcho-
line acyltransferase and Acyl-CoA:lysoPL acyltransferases and 
phospholipase A2 [65]. In our study, choline remained constant 
across seasons, indicating that there are mechanisms involved 
in maintaining or replenishing choline levels. However, serine 
can flow into other pathways such as sphingolipid biosynthe-
sis or one-carbon metabolism without contributing to PS levels. 
This pattern indicates a strategic metabolic adjustment that 
supports the energetic and structural demands of migration. It 
is also noteworthy that endurance-trained human athletes typi-
cally have higher levels of muscle PCs and PEs at baseline than 
resting or metabolically compromised individuals, with levels 
decreasing at recovery 2 h post-exercise [66].

Regarding amino acid metabolism, we observed no clear sea-
sonal impact on overall levels of amino acids. However, the 
levels of several amino acids increased immediately after flight 
under field conditions compared to recovery levels. This in-
crease in circulating amino acids may be due to protein degrada-
tion in active muscles providing substrates for the tricarboxylic 
acid cycle, or to gluconeogenesis, particularly if carbohydrate 
stores are limited during sustained flight [20, 67]. Interestingly, 
this exercise-driven increase in amino acids could not be repli-
cated under controlled wind tunnel conditions. This highlights 
the potential for differences in metabolic demands or substrate 
utilization between simulated and natural flight environments. 
Alanine, a key glycogenic amino acid [67], increased during ex-
ercise both before and after migration; however, its baseline level 
was unaffected by the migratory event itself. Alanine serves as 
a crucial precursor for gluconeogenesis and is readily converted 
to pyruvate and glutamate via transamination, thus linking 
protein catabolism to glucose production [67]. Tyrosine was an-
other amino acid that was influenced in bats in both field and 
wind tunnel conditions, showing a higher response immediately 
after flight under field conditions. This could reflect its role in 
neurotransmitter synthesis or general protein turnover during 
periods of high physiological stress. Our previous work shows 
that migration in Pipistrellus nathusii imposes acute oxidative 
stress, as flying individuals exhibit higher oxidative damage and 
altered antioxidant responses compared to resting bats, with re-
covery occurring during rest periods [68]. Our data does not in-
form on the key indicator of intracellular oxidative stress, which 
is the ratio of reduced to oxidized glutathione [69], because only 
oxidized glutathione (GSSG) was detected, while reduced gluta-
thione (GSH) was not. However, GSSG did not show significant 
changes under either controlled or field conditions and GSSG 
alone is not biologically meaningful to rule out oxidative stress. 
Although we found that similar metabolite classes were altered 
by exercise in both laboratory and field conditions, our results 
were inconsistent when the two conditions were compared. This 
was most obvious for acyl carnitines. While being significant in 
both studies, under controlled conditions we observed increased 
levels immediately post-flight compared to the recovery group. 
The opposite was true for migratory bats under field conditions 
where acyl carnitine levels increased in the recovery group com-
pared to post-flight. Unexpectedly, we did not observe a strong 
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impact on amino acids under controlled conditions. This is most 
likely due to the difference in the diets and behaviors of the bats 
in the two studies. In captivity, the bats were fasted for at least 
16 h prior to flight and collection of blood, and this could not be 
controlled for, or verified in wild bats. In addition, captive bats 
were fed a stable diet of mealworms and given enough food to 
ensure that they always remained above their capture weight. 
In the wild, however, bats have the opportunity to forage se-
lectively based on their nutrient requirements. However, they 
also often face energy deficits due to the high costs of foraging. 
Consequently, their fuel storage is limited. The ability to enter 
torpor is an essential mechanism that enables Nathusius' pipist-
relles to balance their energy requirements and conserve energy 
by reducing their metabolic rate while at rest. In captivity, our 
bats entered torpor for extended periods between experimental 
flights (Shannon E. Currie; personal observation), potentially 
for longer than bats in the wild. This likely impacted their fuel 
storage for flights in the wind tunnel. It is also possible that the 
observed differences were a function of overall flight time, given 
that metabolite profiles are known to change with exercise dura-
tion in other mammals [46, 70], and we could not control for the 
duration of flight activity of bats prior to capture in field settings.

5   |   Conclusions

Unlike birds, which obtain energy for long-distance migrations 
through the oxidation of fatty acids, it was previously assumed 
that mammals had limited endurance capacity due to a lack of 
the necessary enzymes. We hypothesized that migratory bats 
had evolved convergently to migratory birds in terms of their 
metabolic properties and thus derive the energy for their high 
flight metabolic rate from the oxidation of fatty acids, unlike 
non-flying mammals. Our observation revealed that fatty acid 
oxidation plays a significant role in providing energy for flight 
in Nathusius' pipistrelles. In particular, we demonstrated in-
creased levels of lipids, such as phosphatidylethanolamines 
containing unsaturated fatty acids in migrating bats. Several 
acyl carnitines were elevated in the blood of captive bats flying 
in a wind tunnel. This suggests that fatty acid transport and 
β-oxidation are important during short flights, as they deliver 
bound fatty acids to mitochondria. Metabolites of pyrimidine 
metabolism were impaired, and the glycogenic amino acid al-
anine was depleted in bats after flight, suggesting some form 
of protein depletion. Our findings provide valuable information 
about the physiological adaptations of an endurance exercising 
mammal, the long-distance migrant Pipistrellus nathusii. This 
species could serve as a future mammal model to elucidate 
exercise-related adaptations in the enzymes involved in oxidiz-
ing fatty acids.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Blood metabolome pro-
files of bats from controlled conditions. Figure S2: N-acyl taurines and 
phosphatidylcholines are affected by flight under controlled conditions. 
Figure S3: Eighteen amino acids, detected in negative electrospray 
ionization ESI(-) under controlled and field conditions. Figure S4: 
Blood metabolome profiles from free-ranging bats collected over two 
seasons and for two physiological states. Table  S1: Mass spectrome-
ter specific parameters for HILIC LC in ESI(−) or ESI(+). Table S2a: 
Metabolite data from whole blood of captive bats under controlled con-
ditions in ESI(+/−). Table  S2b: Metabolite data from whole blood of 
free-ranging bats across seasons under field conditions in ESI(+/−). 
Table  S2c: Metabolite identities in ESI(+/−). Table  S3: Amino acid 
data from whole blood of bats under controlled or field conditions in 
ESI(−). Table S4: A summary of area under the curve (AUC) values and 
p values for component 1 and 2 of PLS-DA, calculated for controlled and 
field conditions in ESI(−/+). Table S5: List of acyl carnitines influenced 
by exercise including a summary of acyl carnitines, categorized by their 
acyl chain length. The count is describing the number of significant acyl 
carnitines under controlled conditions. 
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