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Abstract

The overconsumption of high-caloric diets is a primary driver of obesity and type 2 diabetes, conditions
associated with oxidative stress, dyslipidaemia, and systemic metabolic dysfunction. Apples (Malus domestica
Borkh.) are among the most widely consumed fruits globally and represent a significant dietary source of
(poly)phenolic compounds with recognised health-promoting properties. However, commercial cultivar selec-
tion has substantially reduced the phytochemical richness of apple varieties available in food chains, poten-
tially limiting their functional food value. In this study, we compared the bioactive potential of pulp extracts
from an autochthonous Spanish cultivar, ‘Amarilla de Octubre’, and a commercially selected, ‘Pinova’, using
a Caenorhabditis elegans model of glucose-induced metabolic dysfunction. Lipid accumulation, reactive oxy-
gen species (ROS) production, bacterial intake, and health span-related markers were evaluated. ‘Amarilla
de Octubre’ extract significantly reduced lipid accumulation by up to 23.24%, attenuated ROS production to
levels comparable to non-stressed controls, decreased glucose-induced hyperphagia, and preserved locomotor
function. In contrast, ‘Pinova’ extract showed limited and largely concentration-dependent effects across all
parameters. These findings suggest that autochthonous apple cultivars with higher (poly)phenolic content like
‘Amarilla de Octubre’ may represent valuable functional food sources for the dietary management of metabolic
dysfunction and highlight the nutritional relevance of preserving agrobiodiversity.

Keywords Apple cultivar diversity - (Poly)phenols - Caenorhabditis elegans - Metabolic dysfunction -
Health span - Oxidative stress

Introduction

Non communicable diseases (NCDs) have emerged as the most important health problem worldwide. They are
caused by a combination of genetic, physiological, environmental and behavioural factors, being cardiovascular
diseases, cancer or diabetes the most common types'. Overweight is a remarkable risk factor that influence the
progression of NCDs and represents a real challenge for healthcare systems due to the lack of reliable drugs.
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Diabesity, defined as the co-existence of obesity and type 2 diabetes mellitus (T2DM), represents a major
global health challenge characterized by metabolic dysfunction®. This condition is caused because of chronic
energy imbalance due to high-calorie diets and reduced physical activity, leading to excessive adiposity that
promotes peripheral insulin resistance and pancreatic B-cell dysfunction®. As a T2DM consequence, chronic
hyperglycaemia generates neuronal damage through the formation of reactive oxygen species and advanced gly-
cation end products (AGEs), leading to mitochondrial dysfunction and oxidative stress. Pharmacological agents,
although resulted in considerable weight loss, may lead to adverse effects®. In this context, dietary strategies,
particularly the regular consumption of plant-based foods rich in bioactive compounds, represent accessible and
sustainable approaches to reducing metabolic risk.

Apples (Malus domestica Borkh.) are among the most widely consumed fruits worldwide and constitute a
significant component of Western and Mediterranean dietary patterns. Their regular intake has been epidemio-
logically associated with a reduction of cardiovascular disease, type 2 diabetes and obesity-related metabolic
dysfunction®®. These benefits are attributed to their rich content of (poly)phenolic compounds, including pro-
cyanidins, catechins, quercetin glycosides, and caffeoylquinic acids, which are particularly concentrated in the
pulp and exert potent antioxidant and anti-inflammatory effects’-®. At the molecular level, these compounds help
reduce glucotoxicity and improve insulin resistance by mitigating oxidative stress and inflammatory mediators,
thus providing a multifaceted approach to metabolic regulation’. Apples also contribute macronutrients, dietary
fibre and other non-nutrient bioactives relevant to human nutrition'’.

Despite the well-documented health benefits associated with apple (poly)phenol intake, their concentration
varies considerably depending on the cultivar and environmental conditions. Wild and autochthonous varieties
tend to have higher (poly)phenolic content due to their protective role in plants versus biotic or abiotic stress,
traits associated with bitter or astringent taste and enzymatic browning. Commercial domestication has involved
extensive selection for agronomic and sensory attributes, such as increased fruit size, improved sweetness, and
reduced enzymatic browning which coincided with a substantial decrease in polyphenolic compounds'!.

The nutritional relevance of apple cultivar diversity therefore extends beyond agronomic considerations. Tra-
ditional and locally adapted varieties, largely absent from commercial food chains, may represent underexploited
dietary sources of bioactive compounds with superior health-promoting potential compared to commercially
selected cultivars. Evaluating the functional properties of whole food extracts under metabolically relevant con-
ditions is thus essential to substantiate these differences. While rodents are standard in obesity research, modern
nutritional science increasingly favours more ethical, lower-order model organisms. The nematode Caenorhab-
ditis elegans has emerged as a well-validated system in food and nutritional research, conserving 60-80% of
human genes involved in basic energy metabolism homeostasis'?, and enabling direct assessment of how dietary
compounds modulate lipid accumulation, oxidative stress, and health span markers under controlled experimen-
tal conditions.

In this context, the purpose of this work was to investigate, for the first time, whether the consumption of
pulp extracts from the local Spanish apple cultivar ‘Amarilla de Octubre’ could modulate energy balance, redox
homeostasis, and behavioural parameters in the C. elegans obese model, in comparison with the widely com-
mercialised cultivar ‘Pinova’.

Materials and methods

Plant food material

The CITA research centre supplied two different apple pulp extracts. ‘Amarilla de Octubre’ apples were provided
from mountainous areas of the Pyrenees (Spain) and recovered in collections located in Bescos de la Garcipollera
(Huesca, Aragon). In contrast, ‘Pinova’ apples were obtained in the research orchards from Zaragoza, Aragon.
‘Pinova’ as commercial and ‘Amarilla de Octubre’ as autochthonous apple cultivars were collected at the ripening
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period of the cultivars (17 and 23 apples respectively) from September to October 2021. The pulp tissue was
frozen immediately and lyophilized. The extraction of bioactive compounds was developed by using methanol
and then ultrasonication at room temperature. Extracts were stored at —80 °C after elimination of solvent in
a rotatory evaporator. Phenolic profiling was conducted using HPLC-MS/MS following previously described
methods in a previous paper'>. The major phenolic constituents identified in both extracts were procyanidin B2,
epicatechin, and chlorogenic acid. In Amarilla de Octubre, these compounds represented 64.76%, 16.62%, and
14.43% of the total phenolic content (70,236.55, 18,029.00 and 15,653.70 pg phenolic compounds/g extract,
respectively), whereas in Pinova they were 38.91%, 10.33%, and 38.60% (2871.02, 761.91 and 2848.37 pg phe-
nolic compounds/g extract respectively). Notably, the overall phenolic mass detected was approximately 14-fold
higher in the autochthonous cultivar than in the commercial Pinova sample (108,446.71 ug/g vs. 7378.12 ng/g)
13

C. elegans strains and maintenance conditions.

Caenorhabditis elegans strains N2 (Bristol, wild-type) and SS104 (glp-4 (bn2)) were sourced from the Cae-
norhabditis Genetics Center (University of Minnesota, USA). Worms were maintained at 20 °C on NGM plates
seeded with Escherichia coli OP50. All experimental conditions were established and maintained on NGM agar
plates and synchronized populations were obtained by alkaline bleaching.

Antibacterial screening assay: OP50

Escherichia coli OP50 stock cultures were grown in LB broth (Sigma) at 37 °C for 24 h to reach the exponential
phase. Bacteria were then distributed into 96-well plates under different conditions: a negative control (bacterial
suspension only) and a positive control (5% penicillin—streptomycin in LB; Gibco). Extracts were tested at 500
and 1000 pg/mL to evaluate antibacterial activity. Plates were incubated for 24 h at 37 °C, and absorbance was
measured at 600 nm using a Synergy H1 reader. Bacterial viability was normalized to the negative control. At
least three independent experiments were performed for each extract concentration.

Acute toxicity assay

Synchronized L4 larvae were washed twice with M9 buffer and 7-18 worms were transferred per well into
96-well plates. Worms were exposed to extract concentrations (250, 500, or 1000 ug/mL) or M9 as a negative
control, in a final volume of 200 uL per well. After 24 h at 20 °C, survival was assessed and expressed as percent-
age survival (Eq. 1). At least 40 worms per condition were analyzed per assay.

Survival rate — Number of alive worms x 100

Total number of worms @)

Chemotaxis index assay

A population of L4 C. elegans (N,) were recollected and then transferred to microcentrifuge tubes. After centrifu-
gation, they were washed with M9 solution 3 times, and the concentration of worms is adjusted so that there are
between 50 and 250 per 50 pl. Plate dishes were divided in four equal quadrants and a 0.5 cm radius circle was
marked in the center.

Apple pulp extracts were mixed with 0.5 M azide to anesthetize the worms, and it was applied to the “Test”
quadrants. The control solution 0.5 M azide was located to the “Control” quadrants. After adding extracts and
control solutions, worms were placed in the inner 0.5 cm circle, and the plates were incubated at 20 °C for 90 min.
Finally, the number of worms in each quadrant that have crossed the inner circle is recorded. The chemotaxis
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index is calculated as shown in Eq. (2). A+ 1.0 score indicates maximal attraction although —1.0 is evidence of
maximal repulsion.

Chemotaris index — Worms in both test quadrants — Worms in control quadrants

2

Total scored worms

Fat accumulation: Nile Red O staining

An obese C. elegans model (N,) was developed after exposing them to an excess of 5% glucose in the medium
NGM. The conditions studied were: 5% glucose as a positive control, 5% glucose plus 250 pg/mL of apple pulp
extract, 250 pg/mL of extract and as negative control, plates without adding glucose to NGM medium. Orlistat
was used as reference treatment at 6 ug/mL plus 5% glucose. Total fat content was measured in nematodes by
quantifying staining images according to a previously described method'®. The fat reduction obtained by this
drug compared to the obese worm (positive control) was considered the maximum effect.

Lipid accumulation in C. elegans was assessed by Nile Red staining after treatment with Pinova and Amarilla
de Octubre extracts. Fluorescence intensity per area was used as a relative measure of fat content. Synchronized
L1 larvae (=300 per condition) were cultured at 20 °C for 48 h to reach the L4 stage under the specified dietary
conditions previously mentioned. Nile Red fluorescence, indicative of lipid droplets, was visualized under UV
illumination. For each condition, 30—40 worms were imaged using a Nikon Eclipse TS100 microscope equipped
with a GFP filter (395 nm excitation/508 nm emission) at 100x magnification and 20 s exposure. Images were
analysed with ImagelJ to quantify fluorescence per area of each worm. The experiment was carried out at least at
triplicate.

E. coli (OP50) ingestion quantification

This assay is focused on evaluating the potential feeding behavior changes related to the presence/absence of glu-
cose and apple pulp extract in the NGM growing medium'®>. OP50-GFP bacteria, a strain of OP50 that contains
a GFP plasmid (pFPV25.1) that is very fluorescent, were selected to feed N, worms for 72 h. Animals were indi-
vidually transferred (until from 30 to 40 worms) with 500 ul of PBS per tube. After washing them at least twice
with PBS solution, 200 ul of PBS containing 30 to 40 animals were transferred into black 96-well plates at least,
per duplicate. GFP accumulation was evaluated by measuring 480 excitation and 571 nm, using the Synergy H1.
The experiment was repeated at least three independent times.

Additionally, the expression of GFP in OP50 bacteria was verified by making an antimicrobial test in parallel.
We added a final concentration of 100 ug/ml of ampicillin to the bacteria population and compared it versus nega-
tive and positive controls per experiment as in OP50 toxicity assay (Data in supplementary materials).

ROS production

ROS levels in C. elegans were evaluated after exposure to the extracts and sublethal heat stress. Synchronized
SS104 populations were maintained under the indicated conditions at 25 °C. Measurements were performed on
days 7 and 10. Individual worms were transferred to black 96-well plates with transparent bottoms containing 75
uL PBS and exposed to 35 °C for 2 h. Then, 25 pL of 150 uM DCFH-DA (in ethanol) was added, and fluores-
cence was monitored for 90 min (excitation 485 nm, emission 535 nm). At least three independent experiments
were conducted, analysing a minimum of 15 worms per condition in each experiment.

ROS levels were assessed on days 7 and 10 after treatment. Individual worms were transferred to black 96-well
plates with transparent bottoms containing 75 uL PBS and exposed to sublethal heat stress (35 °C, 2 h). Then, 25
uL of 150 uM DCFH-DA (in ethanol) was added, and fluorescence was monitored for 90 min (485 nm excitation,
535 nm emission).
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Body length

The effect of excess glucose and apple pulp extracts on C. elegans (N2) development was assessed by measur-
ing L4 body length using ImageJ on the same images acquired for lipid quantification. The experiments were
performed at least three independent times.

Pharynx pumping

Pharyngeal pumping was evaluated on days 7 and 10 using synchronized C. elegans SS104 populations under
the previously described conditions. Pumping rates were manually counted for 30 s per worm using a handheld
counter, with observations made at 20x magnification on a Nikon Eclipse TS100 inverted microscope. At least
30 worms per condition were analyzed across three independent replicates, and results were expressed as pumps
per 30s'S.

Nematode motility (Thrashing)

Bleached age-synchronized N2 C. elegans were transferred daily to fresh plates under their respective conditions
until day 4 of adulthood, and every other day thereafter. Thrashing assays were performed on days 1, 4, and 7
using 15-20 worms per condition. Individual worms were placed on unseeded 60 mm NGM plates in 250 pL M9
buffer and allowed to acclimate for 1 min. Thrashing was then recorded for 50 s at 14 frames per second using the
WormLab Imaging System (MBF Bioscience). Data were expressed as thrashes per 30 s.

Statistical analysis

Data are presented as mean+ SEM. Statistical analyses were carried out using GraphPad Prism (v10.5.0, Graph-
Pad Software, USA) with one- or two-way ANOVA, followed by Tukey’s post hoc test for multiple comparisons.

Results and discussion
Screening for antimicrobial activity and acute toxicity

The (poly)phenolic compounds present in apple pulp extracts are known secondary metabolites with potential
antimicrobial properties, which could interfere with the viability of OP50 E. coli, the primary food source of C.
elegans in laboratory conditions. Preliminary screening assays were therefore performed to rule out confounding
effects on bacterial viability and nematode survival prior to the main bioactivity experiments.

Neither apple pulp extracts exhibited antimicrobial activity against OP50 bacteria at any tested conditions.
Relative viability was not significantly reduced compared to untreated controls and differed significantly only
from the positive control containing penicillin-streptomycin solution. Accordingly, minimum inhibitory con-
centrations were not determined. Acute toxicity in C. elegans was assessed by exposing an L4-synchronised N,
population to 250, 500-1000 pg/mL of each extract for 24 h. Survival rates did not differ significantly from the
M9 buffer control group under any tested condition, confirming the absence of acute toxicity at the concentrations
selected for subsequent assays.

Chemotactic response of C. elegans to apple pulp extracts

As complementary screening step, the chemotactic response of C. elegans to the apple pulp extract was evalu-
ated to determine whether the extracts elicited attraction or repulsion at the concentrations used in the subsequent
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assays. C. elegans possesses a well-developed chemosensory system comprising eleven pairs of neurons that
detect a wide range of olfactory and gustatory signals associated with food sources, environmental hazards, or
presence of other animals'”.

Chemotaxis indices were determined after 90 min exposure to each extract at 1000 and 2000 pg/mL, diluted
in a sublethal concentration of sodium azide (Table 1). Neither extract elicited significant repelling response at
either concentrations, indicating that the apple pulp extracts were not detected as aversive stimulus under the
tested conditions, and confirming their suitability for use in the subsequent bioactivity assays.

Chemotaxis index was calculated using Eq. (2) (see Materials and methods). Values are means+SEM from at
least 3 independent experiments (=150 worms per condition). A value of +1.0 indicates complete attraction and
—1.0 indicates complete repulsion towards the tested samples. No statistically significant differences were found
between conditions (one-way ANOVA).

Lipid accumulation in the C. elegans obese model

C. elegans constitutes a versatile and genetically tractable model for obesity research, combining conserved
metabolic pathways and high-throughput compound screening capabilities. The nematode’s compact anatomy,
transparency, and observable feeding behaviour offer significant experimental advantages. Its intestinal cells
serve as the primary storage site for lipid droplets, enabling direct visualization and quantification of fat accumu-
lation using lipid-specific dyes such as Nile Red'®.

Nematodes were cultured on NGM, supplemented with 5% glucose to induce lipid accumulation and generate
the obese model, alongside treatment with each apple pulp extract or the positive control orlistat. As expected,
lipid deposition was significantly elevated in the glucose-treated population compared to the untreated controls
(»<0.0001; Fig. 1A and B). Apple pulp extracts alone, in the absence of glucose, did not significantly affect lipid
accumulation relative to the NGM control, confirming that neither extract altered baseline fat storage under non-
obese conditions. In the obese model, supplementation with ‘Amarilla de Octubre’ pulp extract at both tested
concentration (250 and 500 pg/mL) led to a significant reduction in C. elegans lipid deposition, compared to the
glucose-only condition (19.40% and 23.24% reduction, respectively). In contrast, ‘Pinova’ pulp extract did not
produce significant changes in lipid deposition at either concentration under glucose exposure, indicating a dif-
ferential bioactive potential between the two cultivars.

Similar findings were also obtained from lipid droplet (LD) image analysis. A statistically significant increase
in the average LD area-to-worm area ratio was observed in glucose-treated nematodes compared to the untreated
controls (p<0.001, Fig. 1B). Supplementation with the ‘Amarilla de Octubre’ pulp extract significantly reduced
this ratio at both 250 ug/mL (p<0.05) and 500 pg/mL (»p<0.01) (Fig. 1B). However, the ‘Pinova’ apple extract
did not produce significant changes in the LD profile at either concentration relative to the obese condition. These
findings are consistent with previously reported lipid-lowering effects of (poly)phenol-rich extracts in C. elegans,
attributed to modulation of fat synthesis, storage and consumption'®*. The differential response between the
two cultivars may reflect the higher (poly)phenolic content of the ‘Amarilla de Octubre’ extract, particularly its
enrichment in procyanidin B2 and chlorogenic acid, which have been individually associated with lipid homeo-
stasis modulation®! 3,

Table 1 Chemotaxis index Sample Concentration (ng/mL) Chemotaxis index
of C. elegans exposed to Amarilla de Octubre 1000 0+0.081
apple pulp extracts at 1000 Pinova —0.143+0.045
and 2000 pg/mL. Amarilla de Octubre 2000 0.070%0.104
Pinova —0.0786+0.176
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Fig. 1 Effect of apple pulp extracts on lipid accumulation in the C. elegans obese model. (A) Relative lipid content in
nematodes exposed to ‘Pinova’ (A.1) or ‘Amarilla de Octubre’ (A.2) extracts at 250 pg/mL (stripped bars) and 500 pg/mL
(solid bars); data from >40 worms per condition. (B) Average lipid droplet area-to-worm area ratio under all tested condi-
tions. Results are expressed as mean+SEM; **** p<(0.0001, *** p<0.001, ** p<0.01, * p<0.05 versus Glucose; ####
p<0.0001, ## 0.01 versus NGM.

Bacterial intake quantification

Bacterial intake was determined by measuring the fluorescence accumulated in the gut of nematodes fed GFP-
expressing OP50 E. coli under all tested conditions (Fig. 2). Under basal conditions, neither apple pulp extracts
significantly affected bacterial consumption relative to untreated NGM controls, suggesting no influence on feed-
ing behaviour in non-obese worms.

In the obese model, glucose supplementation led to a general increase in bacterial accumulation, consistent
with previously reported feeding alterations under high-glucose conditions?’. Orlistat similarly reduced bacterial
accumulation as previously described®’. Notably, only the ‘Amarilla de Octubre’ extract significantly reduced
bacterial intake in glucose-supplemented nematodes compared to the obese control (p<0.05), while the ‘Pinova’
extract had no significant effect. This cultivar specific attenuation of glucose-induced hyperphagia, without affect-
ing baseline feeding behaviour, suggest that the bioactive compounds present in ‘Amarilla de Octubre’ may exert
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Fig. 2 Effect of apple extracts on bacterial intake in C. ele- . 400 it
gans under basal and high-glucose conditions. Fluorescence s
intensity of GFP-expressing OP50 E. coli accumulated in the _E 300
gut of L3 N2 worms after 48 h exposure to different growing S #
conditions Data are normalized to the NGM control group 2 # .
and represent means+SEM from >3 independent replicates %5 200+
(>120 worms per condition). * p<0.005, ** p<0.01 vs. glu- ] x ok
cose; ### p<0.001, # p<0.05 vs. NGM. 3 100
i
0- T T T
NGM + + + + +
Glucose - + - _
Orlistat - - + - - - -
AO 250 - i, - + . )
Pinova 250 - - - - - + +

a satiety-related effect under conditions of metabolic overload, consistent with findings reported for other apple
(poly)phenol extracts in murine models'’.

ROS production under sublethal thermal stress

Increased carbohydrate-lipid intake has been demonstrated that promotes deleterious effects in C. elegans and
glucose could act as a toxic compound affecting the normal development and physiological state of the worms>*,
The abnormal functioning of mitochondria and the dysregulation of ROS production play and crucial role in
lifespan, longevity or fat accumulation in nematodes. Sub-lethal treatments such as thermal stress enhances ROS
production and activates antioxidant defences to counteract the pro-oxidant situation.

Sublethal thermal stress was applied to 10-day old nematodes to assess the capacity of the apple pulp extract to
modulate oxidative stress under conditions that promote ROS overproduction. Our results shows that the ‘Ama-
rila de Octubre’ pulp extract significantly reduced ROS production at both tested concentrations (250 and 500 pg/
mL) in the obese model, with the combined ‘Amarilla de Octubre’ + glucose treatment showing substantially
lower ROS values compared to the glucose-only condition (Fig. 3A). Moreover, ‘Amarilla de Octubre’ also atten-
uated ROS production in non-obese worms at both concentrations, and at 500 pg/mL stabilized ROS levels at 80
and 90 min to values not significantly different from those of the non-stressed population. The ‘Pinova’ extract
showed a significant reduction in ROS levels only at 500 pg/mL, while no significant effects were observed at
250 pg/mL relative to the obese condition (Fig. 3B), indicating a more limited and concentration-dependent anti-
oxidant capacity compared to the autochthonous cultivar.

These cultivar-dependent differences in antioxidant capacity may be attributed to the higher-total (poly)phe-
nolic concentration in ‘Amarilla de Octubre’ relative to ‘Pinova’, particularly its enrichment in procyanidin B2
and chlorogenic acid, which remained notably even at 250 pg/mL'3. Although the two cultivars share a broadly
similar (poly)phenolic profile, quantitative differences in these key compounds likely underlie the observed dif-
ference in bioactivity. Flavonoids and phenolic acids have outstanding antioxidant properties, and when present
together, as in many fruits like apples, they may act synergistically to counteract abnormal ROS accumulation
by promoting enzyme action or through their direct scavenging potential as demonstrated in previous in vitro
assays'®?°. Particularly, procyanidin B2 has been associated with lower ROS production in mice via factor-
erythroid 2-related factor 2 (Nrf2)*%, while chlorogenic acid has been shown to protect C. elegans against thermal
stress via hypoxia-inducible factor (HIF-1), heat-shock transcription factor (HSF-1), and autophagy-dependent
mechanisms?’. Together, these findings suggest that the superior antioxidant response observed for ‘Amarilla de
Octubre’ is likely driven by the combined and potentially synergistic action of these compounds at physiologi-
cally relevant concentrations.
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Fig. 3 ROS production in C. elegans under
sublethal thermal stress following treatment
with ‘Amarilla de Octubre’ (A) and ‘Pinova’
(B) apple pulp extracts. Fluorescence intensity
data are normalized to the non-stress control
and expressed as mean values+=SEM (n=3).
Statistical significance between groups at each
time point was determined by two-way ANOVA
and is showed in the table below each figure (**
p<0.01, ¥*** p<0.001 **** p<0.0001 vs. obese
condition).
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Fig. 4 Effect of apple pulp extracts on body length of C.

elegans under basal and high-glucose conditions. Striped 800 | whm !

bars represent the 250 pg/mL treatment; solid baes repre- e L
sent the 500 pg/mL treatment. Results are expressed as i B
mean+SEM (r=3; > 70 worms per condition). Statistical
differences were determined by one-way ANOVA; ****
p<0.0001, *** p<0.001, ** p<0.01, * p<0.05 versus glu-
cose; ####p <0.0001 vs. NGM.
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Health span-related parameters

To assess whether the apple pulp extracts could attenuate the broader physiological deterioration associated with
chronic glucose exposure, three health span-related markers were evaluated in the presence of 5% glucose: body
length, pharyngeal pumping rate, and thrashing rate. Enhanced stress resistance and improved locomotion in C.
elegans serve as indicators of an extended health span and healthier aging. Interestingly, chlorogenic acid, one of
the major compounds in our extracts, also have been linked with delayed age-related reduction in pumping rates

as well as improved stress resistance in C. elegans®.

Body length

The cumulative metabolic disruptions due to high-glucose diets (HGD) in C. elegans compromise their normal
growth and body size?’. Apple pulp extracts alone did not significantly affect body length relative to the NGM
control, indicating no intrinsic effects on growth under basal conditions. However, supplementation with ‘Ama-
rilla de Octubre’ extract at 250 and 500 pg/mL partially rescued this glucose-induced growth reduction, yielding
worms 5.47% and 6.36% longer than the obese group, respectively. In contrast, the ‘Pinova’ extract showed no
significant differences among any of the glucose-treated conditions.

Pharyngeal pumping rate

Nematodes adapt to variations in metabolic and nutritional status through behavioural responses, such as altera-
tions in food intake and hunting, while their pharyngeal pumping behaviour is regulated by both internal and
external neuromodulation®’. In young adult worms, pumping rates are at their peak; however, they decline rapidly
with age from day 1 to day 7 of adulthood, and by day 10 to day 15, pumping becomes insignificant. This decline,
which correlates with reductions in other locomotory and bending markers, underscores the association between
pharyngeal function and the progressive loss of physiological integrity.

Regarding previous effective treatment lowest concentration, we assessed the extracts at 250 pg/mL. Pha-
ryngeal pumping rates declined with age in all groups, with the untreated control population showing a 41.36%
reduction from day 7 to day 10 of adulthood, consistent with normal age-related physiological decline*’. Apple
pulp extracts alone did not significantly affect pumping rates at either time point compared to the NGM con-
trol, indicating no intrinsic effects on pharyngeal function under basal conditions. Glucose supplementation
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significantly reduced pumping rated compared to untreated controls, with reductions of 22.78% and 39.98%,
recorded at days 7 and 10, respectively.

Significant attenuation of the glucose-induced pumping decline was observed in nematodes co-treated with
‘Amarilla de Octubre’ extract and glucose, with pumping rates reduced by only 6.34% at day 7 and 2.57% at day
10 compared to the NGM control, substantially less than the reductions observed in the obese group. Notably,
pumping rated in the ‘Amarilla de Octubre’ plus glucose group were not significantly different from those of
nematodes treated with ‘Amarilla de Octubre’ extract alone (Fig. 5). In addition, nematodes treated with ‘Ama-
rilla de Octubre’ extract alone showed a 13.48% higher pumping rate than untreated controls at day 10, suggest-
ing a positive effect on pharyngeal function independent of metabolic stress. The ‘Pinova’ extract did not produce
significant effects on pumping rates under any tested conditions, either in presence or absence of glucose.

These results are consistent with a protective role of ‘Amarilla de Octubre’ against glucose-induced deteriora-
tion of pharyngeal function during ageing. The attenuated decline in pharyngeal pumping observed upon treat-
ment with these autochthonous extracts aligns with previous reports in which polyphenol-rich extracts preserved
pumping rates in aged C. elegans, further supporting the association between (poly)phenolic content and health
span maintenance in this model®'.

Nematode locomotion: thrashing rate

Thrashing rate was assessed as an additional locomotion-based health span marker over the first seven days of
adulthood. Glucose supplementation significantly impaired locomotion from day 1 of adulthood, with the obese
population showing 41.22% fewer thrashes per 30 as compared to untreated controls. This is consistent with
previously reported glucotoxicity-induced motility impairment in C. elegans®*. Supplementation with both apple
pulp extracts at 250 pg/mL improved thrashing rates compared to the obese groups at days 1 and 4 of adulthood.
However, only the ‘Amarilla de Octubre’ extracts sustained this improvement through day 7, with thrashing
rates 16.87%, 15.24% and 24.96% higher than the glucose-supplemented group at days 1, 4 and 7 of adulthood,
respectively (Fig. 6). The ‘Pinova’ extract did not maintain significant differences beyond day 4. These findings

(A) 7 Days (B) 10 Days
ittt i
f ! T 1
dkk
1251 — 801 EX2 ns
. ns I 1 I 1
o o *
g — — 8 — L
S 100 = N 2 60- -
k=) k=)
5 751 -
] £ 40
(=3 o
g % F
2 2
> 25- > 20'
© ©
F4 £
o o
0' T T T 0' T T T
NGM + + + + + + NGM + + + + + + +
Glucose - + + - - Glucose - + + - + - +
Orlistat - - + - - - - Orlistat - - + - - - _
AO 250 - - - - - + + AO 250 - - - - - + +
Pinova 250 - - - + + - - Pinova 250 - - - + + - -

Fig.5 Pharyngeal pumping rates in C. elegans at day 7 (A) and day 10 (B) of adulthood under basal and high-glucose condi-
tions. Results are expressed as mean=SEM (n=3, >30 worms per conditions). Statistical differences were determined by
one-way ANOVA **** p<(.0001, *** p<0.001, * p<0.05 versus glucose: ####p<0.0001, ## p<0.001 versus NGM.
Significant differences were determined by using ANOVA.
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suggest that the higher (poly)phenolic content of ‘Amarilla de Octubre’ may confer a sustained protective effect
on locomotor function during ageing under metabolic stress conditions.

The anti-ageing and locomotion-promoting effects observed for ‘Amarilla de Octubre’ may be attributed to its
rich (poly)phenolic composition, particularly the abundance of procyanidin B2 and chlorogenic acid. Health span
enhancement by polyphenol-rich extracts has been previously reported in C. elegans treated with compounds
derived from other plant foods, including olives®? and Camellia sinensis**. In C. elegans, such effects are thought
to be mediated at least in part through modulation of conserved metabolic signalling pathways, whereby (poly)
phenolic compounds activate the insulin/IGF-1 signalling (IIS) pathway and stimulate the downstream transcrip-
tion factor DAF-16/FOXO0, leading to upregulation of stress defence genes encoding antioxidant enzymes such
as superoxide dismutase (SOD)*. The consistent improvement in pharyngeal pumping, thrashing rate, and body
length observed for ‘Amarilla de Octubre’ but not ‘Pinova’, suggests that a threshold (poly)phenolic concentra-
tion may be required to engage these protective pathways under conditions of metabolic overload.

Conclusions

This study demonstrated that pulp extracts from the autochthonous Spanish apple cultivar ‘Amarilla de Octubre’
exert a broad spectrum of protective effects in a C. elegans model of glucose-induced metabolic dysfunction,
outperforming the commercially selected cultivar ‘Pinova’ across all evaluated parameters. Specifically, ‘Ama-
rilla de Octubre’ significantly reduced lipid accumulation, attenuated ROS overproduction under thermal stress,
decreased glucose-induced hyperphagia, and preserved health span-related markers at concentrations as low as
250 pg/mL. The ‘Pinova’ extract showed limited and largely concentration-dependent effects, highlighting that
commercial cultivar selection, which prioritises agronomic and sensory traits over phytochemical richness, may
result in a substantial reduction in the health-promoting potential of apple as a functional food.

This comparison highlights differences related to the geographic and agricultural origin of the apple variet-
ies. Commercial cultivars such as ‘Pinova’ have been selectively bred to meet consumer and market demands,
whereas local varieties such as ‘Amarilla de Octubre’ have undergone adaptation to ambient and regional grow-
ing conditions. These differences may influence the phenolic composition of the fruit because of distinct selec-
tive pressures and environmental adaptation. Consequently, such variability provides a relevant opportunity to
investigate potential implications for human health.

From a translational nutrition perspective, these findings suggest that the regular dietary consumption of (poly)
phenol-rich apple varieties, such as traditional autochthonous cultivars currently underrepresented in commercial
food chains, may contribute to the dietary management of metabolic risk factors associated with obesity and
type 2 diabetes. While the concentrations used in this C. elegans model require further contextualisation against
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realistic dietary intake levels in humans, the results provide a compelling preclinical basis for evaluating the
functional food potential of heritage apple cultivars in human nutritional intervention studies.

More broadly, this work underscores the nutritional and public health value of preserving agrobiodiversity.
Autochthonous cultivars such as ‘Amarilla de Octubre’ represent underexploited dietary sources of bioactive
compounds whose health-promoting potential may be substantially superior to that of commercial dominant
varieties. Their integration into functional food development strategies and dietary recommendations warrants
further investigation, including assessment of (poly)phenol bio accessibility and bioavailability following con-
sumption and gastrointestinal processing'.

Acknowledgements The authors thank Industrias Quimicas del Ebro for the research PhD grant to Adrian Millan-Laleona,
the Government of Aragon for financial support from the Phyto-Pharm group (ref. B44 23R), Universidad San Jorge for
funding and financial supporting as well as Fundacion Ibercaja y Fundacion CAl for the international funding (ref. CM 1/25).

Author contributions A.M. wrote the first draft of manuscript and performed experiments. S.N. set up experimental proto-
cols. P.E. provided plant food material and apple extracts. M.E. supervised the research stay of A.M.at Kent University. C.G
and V. L. supervised the work and provided financial support for the project.

Data availability Data is available upon request to the corresponding or first author of the manuscript.

Declarations
Competing interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if you modified the licensed material. You do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you
will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

References

1. Non communicable diseases. https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseases
2. Pappachan, J. M., Fernandez, C. J. & Chacko, E. C. Diabesity and antidiabetic drugs. Mol. Aspects Med. 66,3—12 (2019).
3. Cardoso, S. & Moreira, P. I. Diabesity and brain disturbances: A metabolic perspective. Mol. Aspects Med. 66, 71-79
(2019).
4. Lazzaroni, E. et al. Anti-diabetic drugs and weight loss in patients with type 2 diabetes. Pharmacol. Res. 171, 105782
(2021).
5.Ribeiro, J. A. et al. Application of prebiotics in apple products and potential health benefits. J. Food Sci. Technol. 59,
1249-1262 (2022).
6. Asgary, S., Rastqar, A. & Keshvari, M. Weight loss associated with consumption of apples: A review. J. Am. Coll. Nutr.
37, 627-639 (2018).
7.Rana, A., Samtiya, M., Dhewa, T., Mishra, V. & Aluko, R. E. Health benefits of polyphenols: A concise review. J. Food
Biochem. 46, €14264 (2022).
8. Hyson, D. A. A Comprehensive review of apples and apple components and their relationship to human health. Adv. Nutr.
2, 408420 (2011).
9.Da Porto, A. et al. Polyphenols rich diets and risk of type 2 diabetes. Nutrients 13, 1445 (2021).
10. Ferretti, G., Turco, I. & Bacchetti, T. Apple as a source of dietary phytonutrients: Bioavailability and evidence of
protective effects against human cardiovascular disease. Food Nutr. Sci. 5, 1234-1246 (2014).
11. Davies, T., Watts, S., McClure, K., Migicovsky, Z. & Myles, S. Phenotypic divergence between the cultivated apple
(Malus domestica) and its primary wild progenitor (Malus sieversii). PLoS One 17, 0250751 (2022).

Scientific Reports scientific reports


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.who.int/news-room/fact-sheets/detail/noncommunicable-diseases

Article in Press https://doi.org/10.1038/541598-026-70162-9

12.Lai, C. H., Chou, C. Y., Ch’ang, L. Y., Liu, C. S. & Lin, W. Identification of novel human genes evolutionarily conserved
in Caenorhabditis elegans by comparative proteomics. Genome Res. 10, 703—713 (2000).

13. Millan-Laleona, A. et al. Valorization of local regional apple (Malus domestica Borkh.) cultivars versus commercial
samples from Spain: Phenolic compounds by HPLC-MS/MS, cytotoxicity and biological potential on nitric oxide
radicals and lipoxygenase inhibition. J. Funct. Foods 124, 106631 (2025).

14. Escorcia, W., Ruter, D. L., Nhan, J. & Curran, S. P. Quantification of lipid abundance and evaluation of lipid distribution
in Caenorhabditis elegans by nile red and oil red o staining. J. Visual. Exp. 2018, 1-6 (2018).

15. Nufiez, S. et al. Antidiabetic and anti-obesity properties of a polyphenol-rich flower extract from Tagetes erecta L. and
its effects on Caenorhabditis elegans fat storages. J. Physiol. Biochem. 79, 427-440 (2023).

16.Cho, J., Lu, J., Kim, D. & Park, Y. Determination of health status during aging using bending and pumping rates at
various survival rates in Caenorhabditis elegans. Sci. Rep. 15, 9057 (2025).

17. Bargmann, C. I. Chemosensation in C. elegans. WormBook 1-29 (2006). https://doi.org/10.1895/wormbook.1.123.1

18. An, L., Fu, X., Chen, J. & Ma, J. Application of Caenorhabditis elegans in lipid metabolism research. Int. J. Mol. Sci. 24,
1173 (2023).

19. Wang, X. et al. Apple polyphenols extracts ameliorate high carbohydrate diet-induced body weight gain by regulating the
gut microbiota and appetite. J. Agric. Food Chem. 70, 196-210 (2022).

20. Nuifiez, S., Lopez, V., Moliner, C., Valero, M. S. & Goémez-Rincoén, C. Lipid lowering and anti-ageing effects of edible
flowers of Viola x wittrockiana Gams in a Caenorhabditis elegans obese model. Food Funct. 14, 8854-8864 (2023).
21.Xing, Y. W, Lei, G. T., Wu, Q. H., Jiang, Y. & Huang, M. X. Procyanidin B2 protects against diet-induced obesity and
non-alcoholic fatty liver disease via the modulation of the gut microbiota in rabbits. World J. Gastroenterol. 25, 955-966

(2019).

22.Chen, J. et al. Procyanidin B2: A promising multi-functional food-derived pigment for human diseases. Food Chem. 420,
136101 (2023).

23. Wang, Z. et al. Chlorogenic acid alleviates obesity and modulates gut microbiota in high-fat-fed mice. Food Sci. Nutr. 7,
579-588 (2019).

24. Franco-Juarez, B. et al. Effects of high dietary carbohydrate and lipid intake on the lifespan of C. elegans. Cells 10, 2359
(2021).

25. Millan-Laleona, A. et al. Antioxidant, antidiabetic, and anti-obesity properties of apple pulp extracts (Malus domestica
Bork): A comparative study of 15 local and commercial cultivars from Spain. Biology (Basel) 12, 891 (2023).

26.Zhu, X. et al. Procyanidin B2 promotes intestinal injury repair and attenuates colitis-associated tumorigenesis via
suppression of oxidative stress in mice. Antioxid. Redox Signal. 35, 75-92 (2021).

27.Carranza, A. D. V., Saragusti, A., Chiabrando, G. A., Carrari, F. & Asis, R. Effects of chlorogenic acid on thermal stress
tolerance in C. elegans via HIF-1, HSF-1 and autophagy. Phytomedicine 66, 153132 (2020).

28.Cho, M., Kim, Y., You, S., Hwang, D. Y. & Jang, M. Chlorogenic acid of cirsium japonicum resists oxidative stress
caused by aging and prolongs healthspan via SKN-1/Nrf2 and DAF-16/FOXO in Caenorhabditis elegans. Metabolites
13, 224 (2023).

29. Zhang, W. et al. Effects of commercial beverages on the neurobehavioral motility of Caenorhabditis elegans. PeerJ 10,
e13563 (2022).

30.Bansal, A., Zhu, L. J., Yen, K. & Tissenbaum, H. A. Uncoupling lifespan and healthspan in Caenorhabditis elegans
longevity mutants. Proc. Natl. Acad. Sci. U. S. A. 112, E277-286 (2015).

31. Wilson, M. A. et al. Blueberry polyphenols increase lifespan and thermotolerance in Caenorhabditis elegans. Aging Cell
5, 59-68 (2006).

32. Spensley, M., Del Borrello, S., Pajkic, D. & Fraser, A. G. Acute effects of drugs on caenorhabditis elegans movement
reveal complex responses and plasticity. G3 Genes Genomes Genetics 8, 2941-2952 (2018).

33.Di Rosa, G. et al. Healthspan enhancement by olive polyphenols in C. elegans wild type and Parkinson’s models. /nt. J.
Mol. Sci. 21, 3893 (2020).

34. Duangjan, C. & Curran, S. P. Oolonghomobisflavans from camellia sinensis increase caenorhabditis elegans lifespan and
healthspan. Geroscience 44, 533—-545 (2022).

35. Chen, T. etal. Polyphenols from Blumea laciniata extended the lifespan and enhanced resistance to stress in caenorhabditis
elegans via the insulin signaling pathway. Antioxidants 10, 1744 (2021).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

scientific reports Scientific Reports


https://doi.org/10.1895/wormbook.1.123.1

https://doi.org/10.1038/541598-026-70162-9 Article in Press

Authors and Affiliations

Adrian Millan-Laleona'?® - Sonia Nufez'® - Pilar Errea3® - Marina Ezcurra?® -
Victor Lopez'2® - Carlota Gomez-Rincén'?

>< Victor Lopez

ilopez@usj.es

Department of Pharmacy, Faculty of Health Sciences, Universidad San Jorge, Zaragoza 50830, Spain
Instituto Agroalimentario de Aragon-IA2, CITA-Universidad de Zaragoza, Zaragoza 50013, Spain

Centro de Investigacion y Tecnologia Agroalimentaria de Aragon (CITA), Unidad de Hortofruticultura,
Zaragoza 50059, Spain

4 School of Biosciences, Stacey Building, University of Kent, Canterbury, Kent CT2 7NJ, UK

Scientific Reports scientific reports


http://orcid.org/0000-0002-9042-8371
http://orcid.org/0000-0003-4986-5286
http://orcid.org/0000-0002-2889-1728
http://orcid.org/0000-0003-2739-6984
http://orcid.org/0000-0001-6969-1055
http://orcid.org/0000-0003-3982-2282
mailto:ilopez@usj.es

