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Abstract: Caenorhabditis elegans was recently shown to be a powerful model for studying and identify-
ing probiotics with specific functions. Lactobacillus acidophilus CL1285, Lacticaseibacillus casei LBC80R,
and Lacticaseibacillus rhamnosus CLR2, which are three bacteria that were marketed by Bio-K+, were
evaluated using the nematode C. elegans to study fat accumulation, lifespan, and resistance to ox-
idative stress. Although the general effects of probiotics in terms of protection against oxidative
stress were highlighted, the CL1285 strain had an interesting and specific feature, namely its ability
to prevent fat accumulation in nematodes; this effect was verified by both the Oil Red and Nile Red
methods. This observed phenotype requires daf-16 and is affected by glucose levels. In addition,
in a daf-16- and glucose-dependent manner, CL1285 extended the lifespan of C. elegans; this effect
was unique to CL1285 and not found in the other L. acidophilus subtypes in this study. Our findings
indicate that L. acidophilus CL1285 impacts fat/glucose metabolism in C. elegans and provides a
basis to further study this probiotic, which could have potential health benefits in humans and/or
in mammals.

Keywords: probiotics; L. acidophilus CL1285; C. elegans; fat accumulation; daf-16; life extension;
glucose; Nile Red; Oil Red

1. Introduction

The gut microbiota comprise 1014 microorganisms that are specifically adapted to this
particular environment and include bacteria, viruses, parasites, and fungi with mutualistic
interactions [1]. Distributed in the small intestine and the colon, the microbiota create a
protective ecosystem between the lumen and mucus layer, which is relevant for many bio-
logical functions and plays a central role in human health. For example, bacterial enzymes
not encoded by the human genome are necessary as they produce compounds that are
essential for life. Microbiota contribute to the synthesis of many essential molecules, such
as short-chain fatty acids (SCFAs) and vitamins, via the digestion of complex substrates [2].
Moreover, gut bacteria modulate energy obtained from the diet and alterations of the
microbiota; for example, changes in the ratio between Firmicutes and Bacteroidetes are
often linked to metabolic syndrome and obesity [3]. In addition, alteration in food intake
by consumption of a Western-type diet and/or food lacking nondigestible fiber is linked
to dysbiosis, low-grade inflammation, and endotoxemia due to LPS release, which results
in the production of proinflammatory cytokines and the recruitment of immune cells to
the intestinal tract [4]. The integrity of the intestinal barrier is subsequently affected, thus
allowing for the establishment of chronic metabolic diseases, such as obesity or fat accumu-
lation. Several examples of dysbiosis and metabolic disorders have been described [5,6].
Drug-induced disruption of the natural microbial balance by taking antibiotics, which are
widely used in animal production, influences animal growth and fat metabolism [7]. More
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recently, the emergence of certain strains associated with health highlights the possibility of
using bacteria for curative purposes, such as Akkermansia muciniphila, a mucin-degrading
bacteria, whose abundance is correlated with obesity in humans and rodents [8,9]. Taken
together, these data indicate that the modulation of the microbiota by dietary supplementa-
tion with probiotics/bacteria could be used for the prevention or mitigation of obesity or
metabolic syndrome.

Probiotics are defined as live microorganisms that, when administered in adequate
amounts, confer a health benefit to the host [10]. Since commercially available probiotics
are of diverse bacterial genera and species, the quantities needed to confer health benefits
vary and must be determined and proven by clinical trials. Concerning their safety, pro-
biotics are considered harmless and are classified in the GRAS (generally recognized as
safe) group by the FDA [11]. Originally, probiotic health benefits have been found to be
restricted to the gastrointestinal tract and involve helping maintain a balanced and rich
microbiota to protect against infection and the overgrowth of opportunistic pathogens [12].
Extensive in vitro research and clinical studies using mainly lactobacilli, bifidobacteria,
and yeast species have clearly demonstrated protection from or a reduction in infection
by intestinal pathogens such as Helicobacter pylori [13,14] and Salmonella [15–17]. These
beneficial effects in prevention and/or treatment are not limited to the gastrointestinal tract,
but similar beneficial effects have been reported for infections in the respiratory tract and
bacterial vaginosis [18,19]. Direct inhibition of bacterial growth by probiotics, which secrete
bacteriocins and organic acids, competition for substrates, and adhesion to the intestinal
mucosa are the main known mechanisms of action [20]. However, the modulation of the
immune system and the immune response by probiotics is an alternative and widespread
mechanism that allows probiotics to act indirectly on various organs and provide protection
throughout the body [21]. The probiotic combination of Lactobacillus acidophilus CL1285,
Lacticaseibacillus casei LBC80R, and Lacticaseibacillus rhamnosus CLR2 prevented primary
Clostridioides difficile infection in a randomized, double-blinded, placebo-controlled clinical
study, and in vitro data suggested a direct inhibition mechanism [22,23]; however, the other
potential beneficial effects of this formulation were not evaluated. Regarding obesity and
metabolic syndrome, supplementation with some lactobacilli species has been shown to
reduce weight gain in animal models of diet-induced obesity [24–26]. Clinical trial studies
showing similar tendencies are also well documented; some of the effects included weight
loss, reduced waist circumference, or lower levels of blood lipids [24,27–31]. C. elegans was
recently identified as a valuable and efficient model for studying the effect of beneficial bac-
teria on probiotics, as several features of host–bacterial interactions are conserved between
humans and nematodes [32]. Even if the composition of the gut microbiota of C. elegans
is different, it remains an easy and straightforward model for studying putative probiotic
benefits in terms of fat accumulation, oxidative stress, and aging in animals [33–36]. These
three phenotypic markers are related, and excess fat is often associated with oxidative
stress due to reactive oxygen species production, insulin pathway resistance, and metabolic
disorders [37,38]. The advantage of worms is that they possess genes and metabolic path-
ways that are involved in lipid and glucose metabolism and are conserved and shared with
humans, but they are also a unique model for dissecting the mechanisms underlying the
beneficial properties of these metabolic pathways. Moreover, C. elegans can be used as a
preclinical screening model for evaluating the effects of probiotics in various environmental
conditions and with various genetic backgrounds.

In this paper, we describe the results of exposing C. elegans to Bio-K+ probiotic strains
individually and highlight the resulting fat accumulation following the administration
of one strain, L. acidophilus CL1285. In this study, we evaluated the effects of probiotic
strains on fat accumulation and oxidative stress and explored the underlying mechanisms
of these effects using high glucose exposure and a daf-16 genetic background: the daf-16
mutant alters insulin signaling and the IGF-1 signaling (IIS) pathway. Moreover, CL1285
was compared to other L. acidophilus strains, and the administration of CL1285 was found
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to have unique health benefits; thus, this strain should be used for further animal studies
on weight regulation.

2. Materials and Methods
2.1. Bacteria/Probiotic Strains

L. acidophilus CL1285, L. casei LBC80R, and L. rhamnosus CLR2 are proprietary strains
that were isolated from fecal samples. L. acidophilus strains NCFM, BP4981, and ATCC 314
were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA), the
Belgian Coordinated Collections of Microorganisms (BCCM/LMG, Ghent, Belgium), and
the Patent and Bio-Resource Centre (Chiba, Japan). Bacteria were stored at −80 ◦C and
thawed at room temperature before use. Before each experiment, bacteria were streaked on
Man, Rogosa, Sharpe (MRS) agar (EMDMillipore, Oakville, ON, Canada) plates to verify
purity. All bacteria were grown on MRS broth (EMDMillipore, Oakville, ON, Canada)
under an anaerobic atmosphere using a BD anaerobic container and BD GasPak EZ (BD,
Mississauga, ON, Canada). After 3 days, the cultures were centrifuged and washed 3 times
with M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl in 1 L H2O, 1 mL of 1 M MgSO4
after autoclaving 20 min 120 ◦C; Powder from Fischer Scientific, Ottawa, ON Canada). The
pellet was then resuspended in M9 buffer at a concentration of 10 mg/mL, and 0.1 mL
was seeded on the plate. OP50 strains (Escherichia coli OP50, Carolina, Burlington, NC,
USA) were grown on Luria-Bertani (LB) media (Fisher, Fair Lawn, NJ, USA) and cultured
overnight under aerobic conditions with shaking at 220 rpm at 37 ◦C (Thermo Scientific,
Orbital Shakers-incubator, Waltham, MA, USA). The cultures were centrifuged and washed
3 times with M9 buffer; the pellet was then resuspended in M9 buffer at a concentration of
10 mg/mL, and 0.1 mL was seeded on the plate. OP50 strain is a reference strain used to
maintain and work with nematodes.

2.2. C. elegans Strains

The pmk-1 (km25) IV, daf-2 (e1370) III, and daf-16 (mgDf50) I strains of C. elegans were
obtained from the Caenorhabditis Genetics Center at the University of Minnesota (CGC,
Minneapolis, MN, USA). The N2 strain was kindly provided by Dr Martin J. Simard from
Laval University, Cancer Research Center, Vancouver, BC, Canada.

2.3. Fat Accumulation Analysis
2.3.1. Oil Red O Staining

The Oil Red O staining protocol was performed according to a procedure previously
described [39]. In brief, 3-day-old synchronized worms fed OP50, probiotics, or OP50 with
lipase inhibitor orlistat (Sigma-Aldrich, Saint-Louis, MO, USA) were fixed in an isopropanol
solution and stained immediately for 18 h in an Oil Red O solution (Sigma-Aldrich, Saint-
Louis, MO, USA). After stain solution removal, the worms were kept in 0.01% M9-tritron
X100 (Sigma-Aldrich, Saint-Louis, MO, USA) until microscope observation and image
capture at 10X magnification (LMC4 and Sebacam10C, Laxcoinc, Mill Creek, WA, USA).
Oil Red O intensity was estimated using ImageJ software version 1.54i (NIH, Bethesda,
MD, USA).

2.3.2. Nile Red Staining

The Nile Red staining protocol was performed according to the assays described
previously for probiotics [36]. Synchronized nematodes were cultured until the young
adult stage and then transferred to plates containing various types of food and Nile Red
(Sigma–Aldrich, Saint-Louis, MO, USA) at a concentration of 0.05 µg/mL. Three-day-old
worms fed OP50, probiotics, or OP50 with control with a lipase inhibitor orlistat (Sigma-
Aldrich, Saint-Louis, MO, USA) have been tested. After 3 days, the nematodes were
collected, washed, and maintained in M9, and the fluorescence intensity was measured
using a fluorometer (Discovery, Promega, Madison, WI, USA) with an excitation λ of
480 nm and an emission λ of 571 nm.
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2.4. Lifespan Analysis

The lifespan of C. elegans was measured using synchronized worms. The wild-type
strain (N2) and the mutant strains daf-16 (GR1307), daf-2 (CB1370), and pmk-1 (KU25)
at 20 ◦C have been used. The assay consists of monitoring the mortality of a worm
population in a specific condition. Synchronized nematodes were cultured until the young
adult stage on OP50 and then transferred to plates containing various types of food.
A total of 20–30 worms were added to plates and 3 plates were used per condition. The
plates were scored and counted, and surviving worms were transferred every 2 days to
a fresh plate with the same food until the end of the experiment, when no living worms
remained. For some experiments, 2% of the final glucose concentration was added to
the Nematode Growth Media (NGM) standard plate and dried for 24 h under a sterile
hood. Statistical analysis was performed using OASIS2 https://sbi.postech.ac.kr/oasis2
(accessed on 17 May 2022) according to the procedure described; a Log-rank test analysis
was performed with the mean lifespan calculation, Bonferroni-corrected p-value, and
percentage of change compared to the control.

2.5. Oxidative Stress Assay

Synchronized worms, fed OP50 until they reached young adulthood, were transferred
to plates supplemented with probiotics or OP50. After 3 days, in 96-well plates (5–7 worms
per well), the worms were incubated at 20 ◦C for 6 h. After 3 days, H2O2 solutions (1.5 mM,
3 mM, and 5 mM) were prepared in distilled water. The worms were observed and scored
for lethality under an optic microscope (SMZ-140, Motic Instruments, Richmond, VA,
Canada) after 6 h of treatment.

3. Results
3.1. L. acidophilus CL1285 Reduces Fat Content and Exerts Multiple Beneficial Effects in a
C. elegans Model

To assess whether probiotic feeding influences fat accumulation in a worm model,
two stains were used, a fixative-based stain (Oil Red O) and a live stain (Nile Red); these
two common lipid stains have been used to evaluate lipid distribution in various tissues
and models. These methods allow for the visualization of fat content by microscopy (Oil
Red O) and a low-throughput fat mass score can be determined using ImageJ [39]; Nile
Red enables the fluorescence measurement of one hundred worms under native conditions,
independent of image capture, and these measurements can be controlled with orlistat, a
hypolipidemic drug [35]. At the same time, this dual approach may also strengthen results
due to certain discrepancies between fixed and live imaging methods.

Synchronized worms at the adult stage were grown on NGM plates, seeded with
fresh cultures of OP50, L. acidophilus CL1285, L. casei LBC80R, or L. rhamnosus at 20 ◦C
and observed under a microscope. No morphological difference was detected until 3 days
of exposure, except for worms fed CL1285, which appeared thinner than those fed the
other probiotics or the control group. Oil Red O staining using the isopropanol fixation
method was performed to evaluate fat accumulation and distribution; the results revealed
no difference when comparing OP50 administration to L. casei LBC80R and L. rhamnosus
administration, but the staining in L. acidophilus CL1285-fed worms appeared weaker
(Figure 1a). Using ImageJ, measurements of 10 representative worms revealed a significant
difference between worms fed OP50 or CL1285, with an approximate 50% reduction
in intensity (Figure 1b). The intensity in LBC80R- and CLR2-fed worms were similar
to those of the OP50 control. In parallel, Nile Red staining followed by fluorescence
measurements after 3 days of adulthood revealed differences (Figure 1c). Clearly, LBC80R
consumption increased the fluorescence signal, indicating an increase in fatty acids, while
CLR-2 displayed a weaker signal than the OP50 and orlistat control worms. However,
CL1285-fed worms exhibited a significant decrease in fluorescence, similar to the results of
previous fixative staining (Figure 1a,b). These observations confirmed that CL1285 could
attenuate fat deposition in C. elegans via both methods.

https://sbi.postech.ac.kr/oasis2
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Figure 1. Reduction in fat accumulation in C. elegans fed with CL1285. (a) Oil Red visualization of
N2 worms fed various bacteria for 3 days after reaching adult stage. (b) Oil Red density estimation
using ImageJ quantification of 10 representative Oil-Red-stained worms; 100% is fixed for N2 worms
given OP50 food. *** p < 0.05; one way-ANOVA with Tukey’s HSD test relative to OP50 control.
(c) Fluorescence measurement of Nile-Red-stained worms (approximately 180 worms, in triplicate)
after 3 days of being fed various sources of food. Orlistat was used as a control inhibitor of lipid
accumulation; 100% is fixed for N2 worms given OP50 food. *** p < 0.01; ** p < 0.05; t test relative to
the OP50 control.

Afterward, probiotics were evaluated for their ability to protect against oxidative
stress. Many procedures have been described in the literature, and various oxidative stress
molecules are used; herein, H2O2 was selected to trigger stress because of its safety, rapid
effect, and ease of use [35]. At 3 days of adulthood, worms fed with OP50 or probiotics were
treated for 6 h with 1.5, 3, or 5 mM H2O2 solution, and viability was scored after exposure.
At all concentrations tested, the presence of the probiotic partially protected the nematodes
against H2O2 exposure in a dose-dependent manner (Figure 2). Exposure to concentrations
of 1.5 mM and 3 mM was more effective for evaluating protection, while a concentration
of 5 mM was too harmful. However, CLR2 remained the probiotic candidate that offered
the most protection at all H2O2 concentrations. Overall resistance was observed in all
test conditions when compared to OP50-fed worms. In fact, CLR-2 displayed the greatest
protective effect, while LBC80R offered limited protection and CL1285 had intermediate
protection (Figure 2).
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Figure 2. Oxidative stress protection of probiotic bacteria in C. elegans: H2O2 survival assay on worms
fed different food for 3 days after adult stage and 6 h on H2O2 (1.5, 3 and 5 mM); 100% is fixed for
untreated worms given OP50. *** p < 0.01; ** p < 0.05; one way-ANOVA with Tukey’s HSD test
relative to OP50 control.
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With these interesting data regarding fat accumulation and partial resistance to oxida-
tive stress, we assumed that CL1285 and/or CLR2 could extend worm lifespan, as other
probiotics with one of these features increased longevity [33–36,40]. To evaluate worm
lifespan, the mortality rate of worms exposed to various probiotics once they reached
the adult stage was scored. CL1285 clearly promoted longevity under these conditions
(Figure 3a) and extended the mean lifespan to approximately 3 days (Figure 3b), while
worms fed the CLR-2 strain, which exhibited the greatest oxidative resistance to H2O2
and a reduced fat content, did not have a prolonged lifespan. Although LBC80R was less
protective against oxidative stress than other probiotic strains and it increased fat in one
of the two methods used, no long-term deleterious effect on lifespan was noted. Taken
together, these results indicate that CL1285 could be of interest in the context of obesity and
metabolic syndrome.
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Figure 3. Life extension of C. elegans fed CL1285 probiotic. (a) Survival curve and table of N2 worms
given various bacterial expositions after the adult stage. *** indicates the results of Log-rank test
analysis (p < 0.01) performed with OASIS2 online software (accessed on 17 May 2022). (b) The table
describes number of worms, their mean lifespan, the log-rank test Bonferroni-corrected p-value, and
the percentage of change compared to control. Three independent experiments were performed.

3.2. L. acidophilus CL1285 Limits Fat Reduction and Increases Lifespan via a
Glucose/daf-16-Dependent Pathway

The addition of glucose is known to reduce lifespan and increase fat content in C.
elegans [41,42]; therefore, this condition could be considered similar to obesity and metabolic
syndrome in humans [43]. To estimate the capacity of CL1285 to counteract the glucose
enrichment effect, a fat-reduction test in 2% enriched NGM media was performed using
Nile Red staining as previously described; CL1285 could still limit fat accumulation under
these particular conditions (Figure 4). Although glucose addition triggered an overall
increase in fluorescence, CL1285-fed worms exhibited a fluorescence level comparable to
that of the OP50 control worms and reached the level observed in orlistat-drug-treated
worms in glucose-enriched media. LBC80R and CLR2 were unable to limit fat accumulation
in glucose-enriched media (Figure 4). In this second set of Nile Red measurements, LBC80R-
and CLR2-treated worms exhibited significant variability in fluorescence compared to that
in the first experiment, with a loss of phenotypes observed in the first experiment (Figure 1c);
this variability was repeatedly observed. However, CL1285 still significantly reduced fat
accumulation by approximately 25%. This reduction was conserved in glucose-enriched
media when compared to that of the OP50 control (26%).

After these results were obtained, the effect of CL1285 on the lifespan of worms
was evaluated over time and compared to the effect of OP50 under the same conditions
(Figure 5a). In line with the previous fat accumulation results, glucose administration
to CL1285-fed worms limited the lifespan extension to that of OP50-fed worms with-
out glucose addition, but the difference between the OP50 control and CL1285 under
glucose-enriched conditions remained significant. An approximate 3-day mean lifespan
distinguished the control and CL1285 strains in either regular or glucose-enriched media
(Figure 5b).
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Figure 4. Glucose limits fat reduction in CL1285. Fluorescence measurement of Nile Red stained
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2% glucose addition in NGM media. Orlistat was used as a control inhibitor of lipid accumulation;
100% is fixed for N2 given OP50 food without glucose. *** p < 0.05; one way-ANOVA with Tukey’s
HSD test relative to each OP50 control.
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Figure 5. Glucose limits the benefits of CL1285 in lifespan. (a) Survival curve of N2 worms given
various bacterial expositions after reaching the adult stage. *** p < 0.001 and N.S (not significant)
indicates the results of log-rank test analysis performed with OASIS2 online software. (b) The table
describes the mean lifespan, the log-rank test Bonferroni-corrected p-value, and the percentage of
change compared to control.

Because glucose could partially counteract the protective effect of CL1285 on lifespan
and fat accumulation [41], we hypothesized that CL1285 interacts with the glucose signaling
pathway. Based on the results of a recent review [44], and to investigate the signaling
pathways that CL1285 influences, three mutants were chosen, with a focus on lifespan and
lipid accumulation: daf-2, daf-16, and pmk-1. The daf-2 mutant CB1370 is an insulin/IGF-1
pathway mutant without an insulin-like receptor that regulates daf-16 phosphorylation
and translocation to the nucleus, resulting in an extended lifespan. The daf-16 mutant
GR1307, a well-described and well-studied line with a reduced lifespan and insensitivity to
glucose [41], lacks the gene encoding the daf-16 forkhead box transcription factor, which is
evolutionarily conserved and functions downstream of daf-2 receptor activation. pmk-1 KU-
25 is defective in the p38 homolog PMK-1, which is a terminal MAPK of a stress/immune
signaling pathway involved in the lifespan extension effects of various probiotics. Oxidative
stress triggers the activation of the p38 MAPK pathway, which regulates the nuclear
localization of the transcription factor SKN-1 by phosphorylation [45]. Interestingly, CL1285
led to significant fat reduction in the daf-2 and pmk-1 mutants compared to OP50 in Oil Red
(Figure 6a) and in Nile Red (Figure 6b). In the Nile Red fluorescence measurement, the
fat reduction in daf-2 and pmk-1 was similar to that in the N2 control, with a decrease of
around 40 to 50 percent (Figure 6b). The decrease in the daf-16 mutant was not significant
and was approximatively 10% less than the OP50 control; these results showed that the
daf-16 gene product is required for CL1285 to impact fat reduction because in a strain with
this genetic background, fat reduction was abolished.
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Figure 6. Mechanistic study of CL1285 fat reduction using C. elegans mutant strains. (a) Oil Red
visualization of representative N2 worms or mutant line fed OP50 or CL1285 for 3 days after reaching
adult stage. (b) Fluorescence measurement of Nile Red stained worms (approximately 180 worms, in
triplicate) after being fed various sources of food for 3 days. Orlistat was used as the control inhibitor
of lipid accumulation; 100% is fixed for N2 given OP50 food. *** p < 0.01; one way-ANOVA with
Tukey’s HSD test relative to OP50 control for each mutant strain. N.S (not significant).

To confirm that lifespan extension conferred by CL1285 is mediated by daf-16 activity, a
lifespan experiment was performed using daf-16, pmk-1, and OP50. The experiment clearly
demonstrated no difference in lifespan when comparing OP50 to CL1285 in the daf-16
mutant worms (Figure 7a), and CL1285 did not extend lifespan. In contrast to the daf-16
line, the pmk-1 and N2 control lines show similar lifespan extensions (Figure 7b). daf-2
was partially evaluated, but lifespan measurement was not completed due to the extended
lifespan of this strain, partial dauer formation, and developmental delay; however, there
were no differences between OP50- and CL1285-fed worms in the first 25 days of the
experiment. Similar to the action on fat accumulation, the daf-16 gene product is required
for lifespan extension because the absence of this gene abolishes the benefits triggered
by CL1285.
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Figure 7. Mechanistic study of life extension of CL1285 using C. elegans mutant strains. Survival
curve of worms given various bacterial expositions after adult stage using the C. elegans mutant
strains daf-16 (a) and pmk-1 (b). *** p < 0.01 and N.S (not significant) indicates the results of log-rank
test analysis performed with OASIS2 online software. (c) The table describes the mean lifespan, the
log-rank test Bonferroni-corrected p-value, and the percentage of change compared to control.
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Taken together, these results showed that the daf-16 gene product is required for
CL1285 fat metabolism and lifespan extension, and these effects are glucose-dependent.
With the aim of determining whether the benefits of CL1285 in C. elegans are strain-specific,
three commercially available strains were tested in fat reduction and lifespan experiments,
and the obtained results were compared to those of CL1285 (Figure 8). Nile Red measure-
ment of worms fed the L. acidophilus strains NCFM, ATCC 314, and BP4981 were analyzed
and compared to that of CL1285 (Figure 8a). First, the Nile Red fluorescence measurements
showed an overall reduction in fat accumulation in 3-day-old adult worms fed NCFM or
ATCC 314; however, this reduction was only significant with BP4981 when compared to
OP50, which showed 20% less fluorescence. However, the reduction in the fat accumulation
of CL1285-fed worms was more efficient with a 60% decrease in fluorescence intensity,
demonstrating that this is a unique property of this strain (Figure 8a). Regarding lifespan,
none of the strains tested increased the worm lifespan, aside from CL1285 (Figure 8b,c).
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dophilus strains. (a) Fluorescence measurement of Nile Red stained worms (approximately 180 worms,
in triplicate) after being fed with various sources of food for 3 days. Orlistat was used as a control
inhibitor of lipid accumulation; 100% is fixed for N2 given OP50 food. *** p < 0.01; one-way-ANOVA
with Tukey’s HSD test relative to OP50 control. (b) Survival curve of N2 worms given various bacte-
rial expositions after adult stage using the C. elegans N2 strain. *** p < 0.01 and N.S (not significant)
indicates the results of log-rank test analysis performed with OASIS2 online software. (c) The table
describes the mean lifespan, the log-rank test Bonferroni-corrected p-value, and the percentage of
change compared to control.

4. Discussion

The proverbial saying “you are what you eat” has been known for decades, and the as-
sociation between diet and life expectancy indicates a connection between good health and
eating well. More scientific evidence has recently emerged on this topic, and this evidence
broadens this concept by including more habits that are essential for maintaining health
and protecting against diseases such as cardiovascular disease and cancer [46]. These habits
include adopting an active lifestyle and reducing the consumption of toxic substances such
as tobacco and alcohol. The link between food quality, quantity, and lifespan is obvious
and not specific to C. elegans. Generally, the intake of highly caloric food with a low intake
of fiber and fermented foods leads to body fat accumulation, mediated by hyperglycemia,
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hyperlipidemia, and insulin-resistance mechanisms, which contribute to hyperactive stim-
ulation of intracellular biochemical pathways with increased ROS production and free
radicals; these effects have a detrimental effect on cellular aging, innate immunity, and
protection against environmental stress. As a result, the duration of life is affected. Previous
studies have used worms as model organisms to efficiently screen Lactobacillus spp. or
other potential probiotic strains for specific and beneficial activities [34–36,40,43]. Here, we
described a strain that induces fat reduction under normal and glucose-enriched conditions,
extends lifespan, and protects against oxidative stress. These results demonstrated that
the fat reduction and lifespan extension conferred by CL1285 are genetically dependent
on the daf-16 gene. In fact, the DAF-16/FOXO transcription factor integrates signals from
many pathways, such as insulin/IGF-1, JNK, AMPK, TOR, and germline signaling [47],
and can thus be considered a central signal reception platform. Alongside DAF-16/FOXO,
SKN-1 and HSF-1 which are two transcription factors are under daf-2 regulation; these are
involved, respectively, in xenobiotic/oxidative stress responses and in heat-shock protein
response [48]. SKN-1, modulated by p38-MAPK, is a negative regulator of DAF-16 and
have a complex interplay connecting insulin signaling, cellular metabolism, and oxidative
stress resistance [49–51]. A transcriptional study of insulin-signaling-associated transcrip-
tion factors revealed that daf-16 plays a central regulatory role and revealed that, although
this transcription factor is essentially an activator, it acts at the complex, genome-wide
level, and is a major determining factor [52]. Longevity, fat storage, dauer formation, and
stress resistance are among the main mechanisms that are regulated by daf-16 via the
insulin signaling pathway [53]; our studies showed that CL1285 modulates the first two
biological processes described. In this study, we did not explore dauer formation or stress
resistance. Although oxidative stress induced by H2O2 was not different between the N2
and mutant lines, we cannot draw conclusions about general stress resistance because only
ROS were generated by H2O2 induction. This rapid assay did not allow us to determine
whether CL1285 protection is mediated by daf-16. Moreover, this mutant line displays
greater stress resistance because daf-16 at least partially regulates genes involved in the
stress response [54,55].

By acting via the daf-16 pathway, in this study, we demonstrated that the probiotic
CL1285 anchored health benefits to the daf-16 pathway; and this effect was strain-specific.
Nevertheless, more in-depth and extensive research is needed to establish a clear mecha-
nism of action. Data from other groups indicate that CL1285 could act on fat metabolism,
similar to Pediococcus acidilactici CECT9879 [43]. In a C. elegans model, this strain inhibited
fatty acid (FA) biosynthesis and activated mitochondrial and peroxisomal FA degrada-
tion. CL1285 also reduced ROS levels and prolonged worm lifespan in a glucose-enriched
medium. The extension of worm lifespan by CL1285 is greater in the standard condition;
meanwhile, under glucose-enriched conditions, the lifespan extension by CL1285 was re-
duced to a normal duration. An explanation of this effect could be that glucose counteracts
the CL1285-mediated increase in lifespan by a mechanism that does not lead to mRNA
daf-16 overexpression and/or protein production in glucose-enriched media. Another
very interesting study demonstrated that bacterial processing of glucose should be care-
fully considered when studying the lifespan of C. elegans [56]. CL1285 glucose processing
could lead to detrimental effects that were not apparent under normal growth conditions.
However, in this model, the fat-lowering properties were apparent in all mutants used
and in all the experiments performed, with or without glucose supplementation, except
with the daf-16 mutant. In the daf-2 mutant, the fat-lowering effect clearly indicated that
the benefits of CL1285 are daf-2-independent, indicating that a mechanism independent of
insulin signaling is involved. This mechanism should be investigated further with various
mutants, qPCR, or transcriptomic strategies to target genes involved in fat metabolism and
daf-16-dependent genes.

Regarding the strain properties, our group published a recent paper that could explain
the fat accumulation in the C. elegans model: L. acidophilus CL1285 has feruloyl esterase
activity, bile salt hydrolase enzymes, and cholesterol assimilation properties [57]. Moreover,
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the impact of CL1285 was previously evaluated in a hypercholesterolemic hamster model,
and the results showed that animals supplemented with this probiotic had a decreased level
of non-HDLC (p = 0.08) and an increased HDL/cholesterol ratio (p ≤ 0.05) (unpublished
data). Unfortunately, other metabolic or physical changes, such as weight loss, were not
visible under these experimental conditions. The C. elegans model’s conclusion suggests
that it may be critical to use a high-sugar diet instead of a high-fat diet in the future
for hypercholesterolemia study in mammals. This difference in results obtained with C.
elegans and hamster for fat reduction may be due to other limitations, such as a poor yield
resulting from bacterial lyophilization, an inadequate animal model, and/or inadequate
food distribution.

5. Conclusions

In conclusion, our data indicate that L. acidophilus CL1285 had a beneficial probiotic
effect on fat accumulation, lifespan, and oxidative stress in a C. elegans model and these
properties are specific to CL1285 and are not shared with common commercially available L.
acidophilus strains. Furthermore, the daf-16 gene product seems to be needed for the fat and
lifespan phenotypes, and experiments performed under glucose-enriched conditions indi-
cate that this strain could be applied for metabolic syndromes. Further research is needed
to elucidate the mechanism in C. elegans and determine the origin of the active molecules
or metabolites in CL1285, and appropriate animal studies should also be performed before
this probiotic of interest can be evaluated in humans.
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