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Animals have long been used as test subjects for chemicals and 
formulas when assessing their risks to humans, but not only 
is this traditional method no longer ethically sustainable – it’s 
proving unreliable too, because of key differences in the species 
that are tested upon. Netherlands-based research firm Vivaltes 
B.V. was established in 2016 to find ethical alternatives to animal 
testing – but its innovative services go far beyond that. Today, its 
focus is on finding the toxicological and positive health effects 
in compounds that could guide nutraceuticals and plant-based 
medicines of the future. 

Offering a service that’s unlike any other in the world, Vivaltes’ 
team of scientific and data experts operate from the firm’s 
own research centre and laboratory, aiding a number of major 
international organisations in building and validating their 
product development pipelines. Delving deeper into the positive 
health effects derived from plants and other compounds is 
amongst the latest trends in the scientific field, and Vivaltes has 
even generated its own platform – DARTpaths – to combine 
laboratory services and critical analysis in one. By aligning the 
two, the firm is able to validate its predictions and become a 
global leader in this innovative field.

GUIDING THE WAY  
FOR NUTRACEUTICALS 
OF THE FUTURE
H OW  I N N OVAT I V E  S C I E N T I F I C  R E S E A R C H  F I R M  
V I VA LT E S  B .V.  I S  L E A D I N G  T H E  CO M P E T I T I O N

To find out more about how Vivaltes’ laboratory services and innovative data platforms can enhance your research 
project, visit the firm’s website at www.vivaltes.com or contact them directly via email: info@vivaltes.com.

AN ETHICAL ALTERNATIVE

With a dedication to reducing, replacing, and refining animal 
testing, Vivaltes looked to an alternative: the C. elegans nematode. 
This worm-like organism is just one millimetre in size but has the 
same complexity as much larger organisms and offers comparable 
reliability when compared to humans. Tested in Vivaltes’ laboratory, 
C. elegans – which boast communicative cells and organs, and 
even have their own gut-brain axis, are used to uncover all manner 
of complex endpoints, such as a compound’s cognitive, ageing, 

THIS WORM-LIKE ORGANISM 
IS JUST ONE MILLIMETRE 

IN SIZE BUT HAS THE SAME 
COMPLEXITY AS MUCH LARGER 

ORGANISMS AND OFFERS 
COMPARABLE RELIABILITY 

WHEN COMPARED TO HUMANS. 

athletic, or disease-related effects. If this testing isn’t effective, 
Vivaltes can turn to organisms such as zebrafish embryos and 
drosophila, as they also have a make-up comparable to humans.

A UNIQUE DATABASE

Vivaltes’ DARTpaths and Xpaths platforms have ensured the 
firm has a foundation from which to go beyond exploratory lab 
testing and build a data science pipeline that produces accurate 
predictions. Finding the synergistic effects of compounds and their 
toxicological elements enables companies in the pharmaceutical, 
food, and agricultural industry to develop products that are 
compliant with regulations and beneficial for humans, animals, and 
the environment. 

Vivaltes’ plant-based database contains more than 13,000 plants 
– including unique varieties from Asia that aren’t openly available 
– giving its experts a diverse analytical scope. Whilst whole plants 
can be analysed, their individual constituents and bioactivity can 
also be studied, with a statistical modelling pipeline used to map 
their synergistic effects for diseases and nutraceutical potential. 
The intelligent and innovative database offers a composition that 
derives the compound’s best value, such as its ability to treat a 
variety of symptoms in one disease.

ACCURACY AND RELIABILITY

Vivaltes’ cutting-edge methodology has seen the firm win funding 
for a breadth of ambitious projects, as it’s able to predict the 
best compounds for its client’s product pipelines with genuine 
accuracy. Toxicological effects and positive health benefits can be 
tested concurrently, reducing time in testing, whilst the DARTpaths 
platform can explore a broad range of compounds and pathways 
simultaneously – increasing the probability of uncovering a viable 
result and removing the risk from research projects.

http://www.vivaltes.com
mailto:info@vivaltes.com
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1  |  INTRODUC TION

Human milk oligosaccharides (HMOs) belong to a group of mul-
tifunctional glycans that are abundantly present in human breast 

milk, but largely absent from most infant formulas and present at 
very low concentrations in bovine milk (Zivkovic & Barile,  2011). 
Many infant health benefits have been ascribed to HMOs, with a 
clear role in shaping the infant gut microbiota and intestinal mucosal 
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Abstract
Human milk oligosaccharides (HMOs) belong to a group of multifunctional glycans 
that are abundantly present in human breast milk. While health effects of neutral 
oligosaccharides have been investigated extensively, a lot remains unknown regarding 
health effects of acidic oligosaccharides, such as the two sialyllactoses (SLs), 3′sia-
lyllactose (3′SL), and 6′sialyllactose (6′SL). We utilized Caenorhabditis elegans (C. el-
egans) to investigate the effects of SLs on exercise performance. Using swimming as 
an endurance-type exercise, we found that SLs decrease exhaustion, signifying an 
increase in endurance that is strongest for 6′SL. Through an unbiased metabolomics 
approach, we identified changes in energy metabolism that correlated with endur-
ance performance. Further investigation suggested that these metabolic changes 
were related to adaptations of muscle mitochondria that facilitated a shift from beta 
oxidation to glycogenolysis during exercise. We found that the effect of SLs on en-
durance performance required AMPK- (aak-1/aak-2) and adenosine receptor (ador-1) 
signaling. We propose a model where SLs alter the metabolic status in the gut, causing 
a signal from the intestine to the nervous system toward muscle cells, where meta-
bolic adaptation increases exercise performance. Together, our results underline the 
potential of SLs in exercise-associated health and contribute to our understanding of 
the molecular processes involved in nutritionally-induced health benefits.
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immune system (Zhang et al., 2022), and their potential for applica-
tions in adult health has been gaining attention recently (Wiciński 
et al., 2020). While health effects of neutral oligosaccharides have 
been investigated quite extensively, a lot remains still unknown re-
garding health effects of acidic oligosaccharides, such as sialyllac-
toses (SLs) (ten Bruggencate et al., 2014).

SLs consist of a lactose bound to sialic acid, either via an α-2,3 
binding (3′sialyllactose, or 3′SL), or an α-2,6 binding (6′sialyllactose, 
or 6′SL), of which 6′SL is the most abundant form in human milk. 
Various studies in mammalian systems have identified potential ef-
fects of SLs on brain-, gut-, and immune health (Baek et al., 2021; 
Cho et al.,  2021; Duan et al.,  2022; Fuhrer et al.,  2010; Günther 
et al.,  2020; Kim et al.,  2019; Monaco et al.,  2018; Obelitz-Ryom 
et al., 2019; Perdijk et al., 2019; Pisa et al., 2021; Sakai et al., 2006; 
Sodhi et al., 2021; Tarr et al., 2015). A recent study also found that, in 
mice offspring, exercise-induced increases in milk 3′SL levels cause 
improvements in metabolic health and cardiac function—two major 
contributors of physical fitness (Harris et al., 2020). These findings 
indicate that SL supplementation might enhance exercise perfor-
mance in general.

To investigate the potential effects of SL supplementa-
tion on physical fitness and exercise performance, we used the 
Caenorhabditis elegans (C. elegans) model system. The small size 
(up to 1 mm) and rapid growth (generation time of 3 days) of this 
free-living roundworm allows high-throughput analysis of several 
aspects of organism health, as well as an in-depth investigation of 
conserved molecular mechanisms that underlie observed organism-
level effects.

We found that SLs improved the performance of animals in 
endurance-type exercise, decreasing exhaustion after a 120-
min swim session. Using a metabolomics approach, we identi-
fied metabolic changes during exercise in animals supplemented 
with SLs. Further investigation indicated that supplementation of 
SLs caused a metabolic adaptation in which mitochondrial mor-
phology was altered, allowing more efficient energy usage and a 
switch from beta oxidation to glycogenolysis. Finally, we show that 
AMPK and adenosine receptor signaling are involved in the effect 
of SLs on endurance. We propose that the effect of SLs on exer-
cise performance is caused by a change in metabolic status in the 
intestine, which signals the nervous system toward muscle cells to 
induce metabolic adaptation. Together, these results underline the 
potential of SL supplementation in increasing exercise-associated 
health.

2  |  MATERIAL S AND METHODS

2.1  |  Nematode culture and strains

C. elegans strains were maintained at 20°C on nematode growth 
medium (NGM) agar plates seeded with Escherichia coli strain 
OP50 according to standard protocol unless indicated otherwise. 
N2 Bristol were used as wildtype. C. elegans strains used in this 

study are described in Table S1. For supplementation of animals 
with 3′SL, 6′SL, sialic acid (provided by Kyowa Hakko Bio Co.), lac-
tose (Sigma CAS#: 5989-81-1), or lactate (Sigma CAS#: 50-21-5), 
0.2, 1, or 2 mg/mL of compound dissolved in MQ was mixed with 
OP50 bacteria with an OD600 = 0.700–1.000. OP50 containing 
3′SL or 6′SL was then added to the NGM plates and left to grow 
overnight before exposing nematodes. 3′ sialyllactose sodium salt 
and 6′ sialyllactose sodium salt were kindly provided by Kyowa 
Hakko Bio Co., Ltd, Tokyo, Japan. For experiments, worms were 
synchronized in the L1 stage by isolation of eggs from adult her-
maphrodites through alkaline hypochlorite treatment and over-
night hatching in M9-Tween medium.

2.2  |  Endurance assays

Endurance assays were performed as reported previously (Laranjeiro 
et al., 2017), with several adaptations. In short, adult animals were 
placed in M9 buffer for 120 min to induce swimming exercise. 
Afterward, animals were placed on an NGM plate and allowed to 
crawl for 5 min, after which the distance or speed of their movement 
was determined. See Supplemental Methods (section ‘Endurance as-
says’) for a detailed protocol description.

2.3  |  Metabolomics

Metabolomics samples of three times 10,000 animals per condition 
per triplicate were harvested immediately after 120 min of swim-
ming exercise. Nematodes were freeze-dried, homogenized, and 
processed separately for each triplicate for GC–MS analysis on a 
7890A gas chromatograph equipped with a 7693 automatic sampler 
coupled to a 5975C mass single-quadrupole detector (Agilent). See 
Supplemental Methods (section ‘Metabolomics’) for a detailed pro-
tocol description.

2.4  |  Microscopy

For visualization of body wall muscle mitochondrial GFP (SJ4103), 
body wall muscle fat droplets (XD1875), and tph-1::GFP expression 
(GR1333), synchronized L1 larvae were cultured (16°C for 96 h or 
20°C for 72 h for muscle morphology, 20°C for 48 h for tph-1 expres-
sion), on 6-cm agar plates in the absence or presence of 3′SL or 6′SL. 
For tph-1 expression assays, starvation was induced by placing ani-
mals on an NGM plate without bacteria for 48 h at 20°C, and animals 
were allowed to recover from starvation on a plate with bacteria 
for 4 h at 20°C. For imaging, animals were mounted on 3% agarose 
pads and immobilized using 1 μL of 10 mM muscimol. Images of body 
wall muscle mitochondrial GFP were taken using an Olympus IX71 
inverted microscope with Olympus DP73 Camera, in the GFP chan-
nel (488 nm) at 40× magnification without binning, with exposure 
time between 200 and 400 ms, depending on signal intensity. Images 

 20487177, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fsn3.3559 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [21/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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of body wall muscle fat droplets were taken using a Zeiss Axioplan 
2 microscope with Axiocam 305 color camera, in the GFP channel 
(488 nm) at 40× magnification without binning, with an exposure 
time of 1.8 s.

For visualization of glycogen storage, 10 μL containing +/− 30 
animals were transferred to a 6-cm NGM plate. The NGM plate 
was then placed over a dish of 1-g Iodine pellets (Sigma CAS# 
7553-56-3) for 90 s and staining was analyzed within 5 min. Images 
were taken using a Leica S9D dissection microscope mounted with 
a Leica Flexacam C1 camera in the brightfield channel. Image anal-
ysis was performed using Fiji/ImageJ. For measurements of gly-
cogen levels, a region of interest was drawn in the midpart of the 
animal, just anterior of the pharynx. Staining intensity was mea-
sured by mean intensity in a grayscale image (with signal inversion: 
255—intensity).

2.5  |  Oxygen consumption rate measurements

Oxygen consumption rate measurements were determined by 
using the seed respiration analyzer (SRA) equipment developed 
by Fytagoras B.V. The SRA determines the total oxygen consump-
tion rate in a closed liquid environment. For oxygen consumption 
measurements, synchronized L1 larvae were grown at 16°C for 
72 h in the absence or presence of 2 mg/mL 3′SL or 2 mg/mL 6′SL. 
Approximately 80 L4 larvae in 30-μL M9 buffer were incubated 
in a tailor-made 48-well plate with an internal volume of 30 μL 
each well. After filling, the plate was closed with an airtight cover 
and the oxygen levels were measured immediately after covering 
the plate every 5 min for 1 h. See Supplemental Methods (sec-
tion ‘Oxygen consumption’) for a detailed protocol and manifold 
description.

2.6  |  Pharyngeal pumping

Pharyngeal pumping was measured as previously reported (Raizen 
et al., 2012). In short, synchronized L1 larvae were grown to adult-
hood at 20°C for 72 h in the absence or presence of 0.2, 1, 2 mg/mL 
3′SL, or 6′SL. Pharyngeal pumping (neuromuscular contraction in the 
presence of food) was assessed by counting the number of contrac-
tions within 15 s under a dissection microscope.

2.7  |  Heat stress survival

Synchronized L1 larvae were grown to adulthood at 16°C for 96 h 
on 6-cm agar plates in the absence or presence of 0.2, 1, 2 mg/mL 
3′SL or 6′SL. Animals were incubated in a 96-well plate in a volume 
of 100-μL S-medium containing 2-μM SYTOX™ Green (Catalog 
# S7020). Animals were then heat shocked at 34°C for 4 h in an 
incubator, followed by a recovery period of 20 h at 20°C. To as-
sess survival, the number of animals showing voluntary movement 
(alive) vs. animals stained with SYTOX green (dead) was scored 

under a Leica M165FC fluorescent binocular, in the GFP channel 
(488 nm) at 0.73× magnification with an extra attachment of 0.5× 
magnification.

3  |  RESULTS

3.1  |  Sialyllactoses improve performance in 
endurance-type exercise

To investigate the effects of SLs on exercise performance, we used a 
previously established assay to test exhaustion after endurance-type 
exercise (Laranjeiro et al., 2017) (Figure 1a). In this assay, animals are 
placed in liquid for 120 min to induce swimming. After swimming, 
animals are transferred to agar plates, where the distance crawled 
after exercise is measured as a performance indicator, represent-
ing endurance. Animals subjected to this type of swimming exercise 
crawl a shorter distance than animals kept on agar plates, indicating 
exhaustion (Figure S1a). Interestingly, in animals grown in the pres-
ence of either 3′SL or 6′SL during their development until adult-
hood, we observed a dose-dependent increase in movement after 
exercise, signifying an increase in endurance in which 6′SL shows a 
bigger increase than 3′SL (Figure 1b). To differentiate between the 
effect of SL and its molecular components (sialic acid and lactose), 
we also tested whether either one of these individual metabolites 
could be responsible for the observed endurance effect. We found 
that supplementation either with sialic acid or lactose alone caused 
only a slight increase in endurance, insufficient to fully explain the 
improvement of endurance caused by SLs (Figure 1b). In addition, 
the increase of endurance caused by sialic acid or lactose was not 
found in aging nematodes, and lactose supplementation also failed 
to show a significant effect in animals grown at lower temperatures 
(Figure S1b,c). In contrast, the endurance effect of SLs themselves 
was very robust and could also be observed in aging animals, ani-
mals grown at lower temperatures, and in the absence of food after 
exercise (Figure S1b–d). Together, these results show that SLs them-
selves, rather than their individual constituent metabolites, cause 
an improvement in endurance in exercise. Furthermore, we found 
that SLs did not affect animal growth or development rate and that 
the effect of SLs on exercise performance was not correlated with 
their food intake (Figure  S2a,b,d,e). These results confirm that in-
creased endurance was not a secondary effect caused by alterations 
in these characteristics. Interestingly, locomotion of animals supple-
mented with SLs was also increased under normal growth conditions 
(Figure S2c), indicating an adaptation caused by 3′SL and 6′SL that 
allowed overall higher levels of activity. We also found that 3′SL, 
but not 6′SL, influences survival after heat stress (Figure S3a). This 
indicates that these two SLs, at least in part, show distinct activi-
ties and that, while 3′SL has a smaller effect on endurance, it seems 
to have a bigger effect on the animals' robustness against a stress 
response. Nonetheless, when looking at starvation stress, both 3′SL 
and 6′SL showed a decreased sensitivity to starvation compared to 
controls (Figure S3b), which is in line with a general effect on energy 
metabolism.
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4  |    ARELLANO SPADARO et al.

3.2  |  Sialyllactoses induce metabolic changes 
during endurance exercise

To investigate whether metabolic changes might contribute to the 
improvement of endurance by 3′SL and 6′SL, we analyzed metabolic 
status after exercise in animals supplemented with SLs using an 

unbiased metabolomics approach (Figure 2a). Similar to aforemen-
tioned measurements of endurance, animals grown in the absence 
or presence of SLs were subjected to swimming exercise for 120 min. 
Control animals were instead kept on plates with or without an E. 
coli bacterial food source (control and crawling conditions, respec-
tively). Next, animals were harvested by freeze-drying samples of 

F I G U R E  1  Supplementation of 3′sialyllactose or 6′sialyllactose alleviates exhaustion after swimming exercise. (a) Schematic overview 
of experimental procedures. Synchronized animals were grown in the absence or presence of SLs until the adult stage. Adult animals were 
subjected to swimming exercise by placing them in M9 buffer for 120 min, after which they were placed on an NGM agar plate seeded with 
Escherichia coli to measure movement during recovery. For further experimental procedures, see Section 2. (b) Tukey boxplots and individual 
points depicting the total distance crawled within 5 min of recovery time after swimming exercise, in animals grown under control conditions 
(MQ, n = 210), or in the presence of 3′SL (n = 90), 6′SL (n = 90), sialic acid (n = 30), or lactose (n = 30). Means are indicated by a black plus sign. 
Significance was tested by Mann–Whitney U-tests with Bonferroni–Holm multiple-comparisons correction, ***p ≤ .001.

F I G U R E  2  Metabolomics profiling demonstrates alleviation of energy-related metabolic changes in animals supplemented with 
sialyllactoses. (a) Schematic overview of experimental procedures. Adult nematodes were grown in the absence or presence of 2 mg/
mL SL and placed on control plates (control), plates without food (crawling) or subjected to swimming exercise (swimming) for 120 min. 
Next, animals were collected and freeze-dried for GC–MS metabolomics analysis. (b) Principal component analysis (PCA) plot of principal 
component 1 (PC1) and 2 (PC2) for metabolomic profiles of animals grown in control, crawling, swimming, swimming +3′SL or swimming 
+6′SL conditions. Analysis includes three replicates of 10,000 animals per condition. Percentages for PC1 and PC2 indicate the proportion 
of the variation in the data that is explained by the principal component. (c) Heatmap depicting the normalized area under the curve (AUC) 
for the 56 metabolites with the biggest contribution to principal component 2 (PC2, top 50%) from metabolomics analysis of animals grown 
in control, crawling, swimming, swimming +3′SL or swimming +6′SL conditions. Values represent the normalized average of three replicates 
of 10,000 animals per condition. Metabolites are ordered by similarity in pattern, ordering shown by dendrogram. Groups of metabolites 
with a similar pattern across samples (manually identified) are indicated by a blue border.
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6  |    ARELLANO SPADARO et al.

10,000 animals (biological triplicates), which were subsequently 
used for metabolomics profiling by GC–MS. After normalization, 
peak identification, and filtering (see Section 2 for experimental and 
analysis procedures), we performed a principal component analysis 
(PCA, Figure 2b). In this analysis, animals supplemented with 3′SL 
or 6′SL were very similar and differed mostly from swimming ani-
mals along the principal component 2 (PC2) axis. To further inspect 
patterns of relevant metabolites, we selected the compounds repre-
sented by PC2 (56 compounds, top 50% features based on loadings, 
Figure 2c). Within the list of these compounds, we could distinguish 
four different relevant groups of metabolites with similar patterns 
among conditions. Two of these groups were correlated with exer-
cise activity, where metabolite levels showed an increase (labeled 
‘activity’) or a decrease (‘rest’) in samples that were subjected to 
exercise. Next, we identified two groups of metabolites that corre-
lated with energy, where metabolites increase in well-fed controls 
and SL-supplemented animals (‘energy abundance’) or in starved 
crawling and swimming conditions (‘energy depletion’). For animals 
grown in the presence of SLs, we saw no clear differences in the 
groups of metabolites associated with rest or activity, while we did 
see changes in metabolites in the energy-related groups. Among 
the metabolites related to energy abundance, several have previ-
ously been associated with exercise performance (such as ascorbic 
acid, kynurenine, phenylalanine, and tyrosine) (Higgins et al., 2020; 
Martin et al., 2020; Tumilty et al., 2011; Ueda et al., 2017), consist-
ent with the results of our swimming assay. These results show that 
increased exercise performance is correlated to changes in metab-
olism during exercise in animals grown in the presence of SLs and 
suggest that SL supplementation causes adaptations in animals that 
allow them to better cope with the energetic burden of prolonged 
exercise on metabolism.

3.3  |  Sialyllactoses cause adaptation of muscle cell 
mitochondria

To investigate whether metabolic adaptations could underlie the 
increased exercise performance induced by SLs, we decided to fur-
ther investigate the body wall muscle cells, the functional equivalent 
of vertebrate skeletal muscles and responsible for locomotion in C. 
elegans. One type of cellular adaptation that can enhance exercise 
performance is a change in mitochondrial volume, density, or mor-
phology. As the majority of energy metabolism takes place in mito-
chondria, it is no surprise that increases in biogenesis and changes 
in organization of mitochondria correlate with improvement of en-
durance in exercise (Lundby & Jacobs, 2016; Nielsen et al., 2017). 
To examine whether similar mitochondrial changes are involved in 
the effect of SLs on exercise performance as well, we used a mito-
chondrial GFP marker to visualize mitochondria in body wall muscles 
of control and SL-supplemented animals (Figure  3a,b). We used a 
classification system, similar to previously described classifications 
(Hartman et al., 2018; Sarasija & Norman, 2018), to distinguish dif-
ferences in mitochondrial morphology. In class 1, mitochondria are 

located as thin linear structures along muscle fibers, whereas in 
class 2, mitochondria show a more clustered morphology. As a posi-
tive control, we used AICAR, an AMPK-activator known to boost 
exercise endurance and induce biogenesis of mitochondria (Fan & 
Evans, 2017; Hinkle et al., 2022). Although nonsignificant for any of 
the conditions (chi-squared test, p ~ .1), we see a trend where, like 
AICAR, SLs showed an increase in the percentage of animals with 
clustered mitochondria (Figure 3b). Consistent with the effect on ex-
ercise performance, animals supplemented with 6′SL showed a big-
ger difference from controls than animals supplemented with 3′SL. 
This correlation indicates a possible link between morphological 
changes in mitochondria and increased endurance by supplementa-
tion with SLs.

To further investigate possible differences in mitochondrial 
function and efficiency, we set out to measure oxygen consumption 
in animals grown in the absence or presence of SLs. In a closed en-
vironment, we measured oxygen consumption of animals in liquid 
buffer for a duration of 1 h (Figure S4, Section 2). We found that both 
3′SL and 6′SL caused an increase in basal respiration compared to 
untreated controls (Figure 3c). This increase in oxygen consumption 
could be caused by an increase in either the number or efficiency of 
mitochondria. Together with the change in mitochondrial morphol-
ogy, these results suggest that SLs cause adaptation of mitochon-
dria in muscle cells, which can explain the improvement in exercise 
performance.

3.4  |  Sialyllactoses induce a switch from beta 
oxidation to glycogenolysis

Next, we set out to test for changes in the use of energy stores in 
muscle cells during exercise in animals grown in the presence of SLs. 
In wild-type animals grown under control conditions, muscle cell 
fat stores are broken down during swimming exercise (Laranjeiro 
et al.,  2017). Using a strain expressing the fat droplet marker 
Perilipin-1::GFP specifically in body wall muscle cells as a marker 
for muscle fat storage (Laranjeiro et al., 2017; Liu et al., 2014), we 
quantified the number of lipid droplets per muscle cell before and 
after swimming exercise in animals grown in the absence or pres-
ence of SLs (Figure 4a). Interestingly, we found that animals grown in 
the presence of SLs—mainly 6′SL—have accumulated less fat in their 
muscle cells before exercise. In addition, the decrease in the number 
of lipid droplets after exercise is smaller in these animals, indicating 
a decrease in beta oxidation during exercise. With the observation 
of decreased use of fat stores in animals supplemented with SLs, 
we wondered whether these animals instead use another energy 
supply to fuel their swimming exercise. We, therefore, stained for 
glycogen and quantified the amount of glycogen in animals before 
and after swimming. First, we noticed that glycogen levels before 
exercise were similar between animals grown in the absence or pres-
ence of SLs (Figure  4b). Next, while animals grown under control 
conditions showed no change in the amount of glycogen after ex-
ercise, there was a significant decrease in the amount of glycogen 
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after swimming exercise in animals grown in the presence of SLs, 
indicating an increase in glycogenolysis. To investigate whether 
energy stores of fat or glycogen, or the alternative energy source 
trehalose (Seo et al., 2018), are essential for the effect of SLs on ex-
ercise performance, we measured exercise endurance in mutants of 
fat homeostasis (acs-22) (Srinivasan, 2015), glycogen synthesis (gsy-
1) (Seo et al., 2018), and trehalose synthesis (tps-1) (Seo et al., 2018). 
We found that while the performance-enhancing effect of 3′SL and 
6′SL were present in mutants of fat homeostasis and trehalose syn-
thesis, SLs did not lead to an improvement of exercise performance 
in a glycogen synthesis mutant (Figure 4c). These results show that 
supplementation with SLs causes a shift in the use of energy stores 
during exercise from fatty acids to glycogen and that the use of gly-
cogen stores is essential for the endurance-enhancing effect of 3′SL 
and 6′SL.

3.5  |  AMPK and adenosine receptor signaling are 
involved in the induction of enhanced performance in 
endurance-type exercise by sialyllactoses

Next, we set out to identify which signaling pathways are involved 
in enhanced exercise performance as induced by supplementation 
with SLs. To do so, we measured exercise performance using our 
swimming assay in several mutant backgrounds of relevant path-
ways, such as AMPK (aak-1/aak-2), serotonin synthesis (tph-1), Nrf2 
(skn-1), and adenosine receptor (ador-1). AMPK is a general energy 
sensor, and its activation is a well-known inducer of exercise adap-
tation (Spaulding & Yan, 2022). Serotonin, together with dopamine, 
is an important regulator of fatigue, and thereby an important fac-
tor in endurance performance (Bacqué-cazenave et al.,  2020; Sze 
et al., 2000). Nrf2 is a general sensor of stress and a master regulator 

F I G U R E  3  Sialyllactose supplementation causes adaptation of mitochondria. (a, b) Representative images and bar graph representing 
morphology of mitochondria in body wall muscle cells (% of animals per class) by analysis of mitoGFP expression in young adult animals 
grown under control conditions (n = 73), in the presence of 2 mg/mL 3′SL (n = 79), 2 mg/mL 6′SL (n = 76), or after 24-h incubation with 1 mM 
AICAR (n = 25). Mitochondrial morphology is classified as thin and linear (class 1) or clustered structures (class 2). Scale bars are 20 μm. (c) 
Tukey boxplots and individual points depicting the total rate of oxygen consumption measured in each well in an air-tight closed system over 
a period of 60 min. The wells contained only M9 buffer (n = 62), and wells contained 80 animals grown under control conditions (MQ, n = 56) 
or grown in the absence of 2 mg/mL 3′SL (n = 64) or 6′SL (n = 56). Means are indicated by a black plus sign. See Section 2 for experimental 
procedures. Significance was tested by Welch test with Bonferroni–Holm multiple-comparisons correction, ***p ≤ .001.
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of antioxidant defenses, which is suggested to mediate redox ad-
aptations to exercise (Done & Traustadóttir, 2016). Finally, adeno-
sine receptors are activated by adenosine, a signal for low levels of 
energy (ATP) or oxygen, and their stimulation has been linked to 
protection against exercise-induced damage (Wang et al.,  2010). 
Measuring exercise performance in animals in which these signaling 
pathways are blocked through mutation of an essential component 
allows us to test whether they are involved in the effect of SLs on 
exercise performance. Interestingly, we found that 3′SL and 6′SL still 
enhanced endurance performance in mutants for serotonin synthe-
sis and Nrf2 signaling, but their endurance performance enhance-
ment was significantly limited in mutants of AMPK and adenosine 
receptor (Figure  5), as shown by comparing slopes of trendlines 
using standardized major axis tests (Warton et al., 2012). Our results 
show that AMPK and adenosine receptor signaling are involved in 
the endurance-enhancing effect of SLs, indicating that the effect 
on exercise performance is (partially) induced by signaling through 
these two pathways.

4  |  DISCUSSION

Great potential of HMOs as nutraceuticals has been proposed due to 
an increasing amount of evidence of their health-beneficial effects. 
Here, we show that the HMOs 3′SL and 6′SL increase performance 
in endurance-type exercise. Through an unbiased metabolomics ap-
proach, we found that SLs affect energy metabolism during exercise 
and identified changes in mitochondrial morphology and function 
that likely underlie this effect. We demonstrated that SLs cause a 
switch from fatty acid oxidation to glycogenolysis during exercise 
and that the endurance-enhancing effect of SLs depends on the 
storage of glycogen. Finally, we found that the exercise-beneficial 
effects of SLs depend on a functional adenosine receptor and AMPK 
signaling.

The endurance effect of SLs depends on a functional ade-
nosine receptor (ador-1)—which is expressed primarily in the ner-
vous system (Taylor et al., 2021; Von Stetina et al., 2007; Watson 
et al., 2008). However, we found endurance-related adaptations in 
muscle cells. We propose that adaptations are induced by a signal 
through the gut–brain axis, which, in turn, continues toward muscle 

cells. A nutrient-induced effect on (fat) metabolism of nematodes 
acting through ADOR-1 has been identified previously (Machado 
et al., 2018), substantiating the possibility of a route from nutrient to 
metabolic adaptation through the gut–brain axis via the adenosine 
receptor. Moreover, the activity of several mammalian adenosine re-
ceptors has been linked to general muscle health and the cellular re-
sponse to exercise stress (Gnad et al., 2020; Husain & Somani, 2005; 
Marshall, 2007), indicating that SLs might have a similar effect in hu-
mans. In addition to the adenosine receptor, we also find that AMPK 
is essential for the effect of SLs on exercise performance. AMPK is 
a general cellular energy regulator, and its stimulation is associated 
with an increased exercise capacity caused by cellular adaptations, 
largely in skeletal muscle cells (Niederberger et al., 2015). The adap-
tations caused by SL supplementation in our system (mitochondrial 
clustering, decreased fatty acid levels, and increased breakdown of 
glycogen during exercise) are all related to processes that are tightly 
regulated by AMPK (Garcia & Shaw, 2017; Hinkle et al., 2022; Janzen 
et al., 2018), further supporting its involvement. Together, these ad-
aptations of muscle cells explain the improvement of performance 
in endurance-type exercise caused by SLs. With this, we provide a 
general model of enhanced exercise performance by SLs through ad-
enosine receptor/AMPK signaling and muscle cell adaptations (see 
Figure 6 for a schematic overview of the model).

Interestingly, little to no digestion of SLs occurs in the mam-
malian upper gastrointestinal tract (Engfer et al.,  2000; Rudloff 
& Kunz,  2012; ten Bruggencate et al.,  2014) and only very small 
amounts are absorbed (Galuska et al.,  2020; Gnoth et al.,  2001). 
Likewise, E. coli, the bacterial species that populates the nematode 
intestine in a laboratory setting, does not metabolize SLs (Moon 
et al., 2016), and nematodes lack sialic acid and its biosynthetic path-
way altogether (Bacic et al., 1990; Wilson et al., 2022). We, therefore, 
postulate that exercise performance effects of SLs are likely caused 
by interactions of SLs with the intestinal epithelial cells, as suggested 
in previous studies on SL health effects (Duan et al., 2022; Perdijk 
et al., 2019; Tarr et al., 2015; Weiss & Hennet, 2012). How SLs influ-
ence intestinal health and interact with the microbiome and intesti-
nal epithelial cells is currently not clear from this study. Additional 
research is needed to further substantiate if indeed the gut–brain 
axis is involved and if so in what manner. Previous studies using C. 
elegans have found a gut-nervous system interaction, though the 

F I G U R E  4  Glycogen is required for the endurance-enhancing effect of sialyllactoses. (a) Tukey boxplots and individual points depicting 
the total number of lipid droplets present per muscle cell before and after swimming exercise, in animals expressing the fat droplet marker 
Perilipin 1-GFP in muscle cells, grown under control conditions (MQ, n = 48/50, no exercise/swimming), or in the presence of 2 mg/mL 3′SL 
(n = 46/52, no exercise/swimming) or 6′SL (n = 38/47, no exercise/swimming). Means are indicated by a black plus sign. Significance was 
tested by Welch tests with Bonferroni–Holm multiple-comparisons correction. (b) Tukey boxplots and individual points depicting the mean 
intensity of glycogen staining per animal before and after swimming exercise, in wild-type animals grown under control conditions (MQ, 
n = 50/50, no exercise/swimming), or in the presence of 2 mg/mL 3′SL (n = 51/50, no exercise/swimming) or 6′SL (n = 50/50, no exercise/
swimming). Means are indicated by a black plus sign. Note that the y-axis does not start at zero. Significance was tested by Welch tests with 
Bonferroni–Holm multiple-comparisons correction, *p ≤ .05, **p ≤ .01, ***p ≤ .001, ns p > .05. (c) Tukey boxplots and individual points depicting 
the total distance crawled within 5 min of recovery time after swimming exercise, in wild-type (N2) or mutant background strains (acs-22, gsy-
1, and tps-1), grown under control conditions (MQ), or in the presence of 2 mg/mL 3′SL or 6′SL, and kept under standard growth conditions 
(None) or subjected to swimming exercise (Swimming). For each condition, 60 animals were analyzed. Significance was tested by Welch tests 
with FDR multiple-comparisons correction, *p ≤ .05, ***p ≤ .001, ns p > .05.
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molecular mechanism is currently not identified; see review (Ortiz 
de Ora & Bess, 2021).

Due to technical restraints, we obtained metabolic profiles from 
the full organism, which is an average of many different cell types. For 
a more specific approach, obtaining cell-type specific metabolic pro-
files from selected cell types, such as only muscle cells, would allow 
for a more refined analysis of the metabolites and the effect of the 
SLs. Additionally, Raman scattering spectrometry is a very promis-
ing tool for applying metabolomics on tissue level of C. elegans, e.g., 
to study muscle-specific metabolic changes by SLs. However, this 

technology is currently only available for specific class of compounds 
(Fox & Schroeder, 2020). Additionally, metabolic profiles can also be 
influenced by the extraction and analytical procedures of metabolo-
mics analysis (Salzer & Witting, 2021). With this study, the value of C. 
elegans in the investigation of health effects of SLs has been demon-
strated, with the nematode model allowing the high-throughput si-
multaneous investigation of organism- and tissue-level phenotypes, 
intertissue communication, and molecular signaling. Overall, our re-
sults show the potential of SLs in exercise-associated health and fur-
ther our understanding of nutritionally induced health benefits.

F I G U R E  5  AMPK (aak-1/aak-2) and adenosine receptor (ador-1) signaling are involved in the endurance increase caused by 3′sialyllactose 
and 6′sialyllactose. Tukey boxplots, individual points, and linear trendlines depicting the distance crawled within 5 min of recovery time 
after swimming exercise, in wild-type (N2) or mutant background strains (aak-1/aak-2, tph-1, tol-1, skn-1, and ador-1), grown under control 
conditions (MQ), or in the presence of 2 mg/mL 3′SL or 6′SL, and kept under standard growth conditions (Exercise = None) or subjected to 
swimming exercise (Exercise = Swimming). For each condition, 30–90 animals were analyzed. Slopes of linear trendlines of the swimming 
conditions were compared between wild-type and mutants. Significance was tested by standardized major axis tests with Bonferroni–Holm 
multiple-comparisons correction, ***p ≤ .001, ns p > .05.
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