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ABSTRACT: 1(3)-Oleoyl-2-palmitoyl-3(1)-linoleoylglycerol (OPL) and 1,3-dioleoyl-2-palmitoylglycerol (OPO) are
the most abundant sn-2 palmitoyl lipids in human milk, whose intake in early life might influence the short- and
long-term health of human. However, only OPO is widely approved for use in infant formula, scientific evidence
regarding OPL’s suitability and optimal dosage remains limited. Reliable model organisms are therefore needed to
explore the effects of these structured lipids intervention in early life on the lipid metabolism and associated health
outcomes. Using Caenorhabditis elegans (C. elegans), we investigated how dietary supplementation with OPL and/or
OPO during L1 to L4 affected lipid composition, content, metabolism, and morphology at L4, and how these changes
influenced growth, lifespan, movement, and stress resistance. Specifically, mixed OPL and OPO supplementation (10
mg/L) significantly increased (P < 0.001) the body length of C. elegans, with no effect on body width. While
appropriate concentrations of OPO significantly extended lifespan, high concentrations of OPL reduced it, indicating
that variations in structured lipid composition may differentially impact lipid metabolism and longevity. Locomotion
was more enhanced in the OPO and OPL<OPO groups compared to OPL and OPL>OPO, suggesting that OPO more
effectively improved mobility. Furthermore, mixed supplementation with OPO and OPL (10 mg/L) enhanced survival
under heat, ultraviolet (UV), and oxidative stress, likely due to increased levels of PE, MUFA, PUFA, EPA, and
DAG, along with alterations in lipid droplets. This study provides novel insights into the composition, function, and
potential applications of structured lipids relevant to infant nutrition, and highlights the possible role of OPL in
supporting infant nutrition.
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multi-structured illumination microscopy

1. Introduction

Early life nutrition is critical for short- and long-term health. Human milk is the best nutrition for infant
with the content of lipid as the largest except water and carbohydrate. Sn-2 palmitoyl lipids in human milk
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can modulate the gut microbiota, regulate lipid metabolism, promote the absorption of calcium and fatty
acids, reduce pro-inflammatory cytokine levels, and increase total bile acid concentrations [1, 2]. During
digestion and absorption, the fatty acyl chains at the sn-1 and sn-3 positions of triacylglycerols (TAGs) are
preferentially hydrolyzed and subsequently absorbed by small intestinal epithelial cells as free fatty acids. In
contrast, saturated fatty acyl chains at the sn-2 position are absorbed as monoacylglycerol (MAQG), avoiding
the release of free palmitate with a melting point higher than body temperature. This mechanism prevents
the formation of insoluble calcium soaps [3]. These hard calcium soaps can pass through the intestinal tract,
potentially damaging the intestinal wall, disrupting the microflora, and being excreted in feces, ultimately
leading to the loss of both fatty acids and calcium [1]. Sn-2 palmitoyl TAGs not only increase the abundance
of bifidobacteria, but also support infant neurodevelopment by enhancing intestinal bifidobacteria levels,
which in turn promote the development of fine motor skills [4, 5]. In summary, sn-2 palmitoyl TAGs can
improve infant digestion, absorption, and overall comfort, thereby helping to narrows the nutritional gap
between infant formula and human milk fat.

1(3)-oleoyl-2-palmitoyl-3(1)-linoleoylglycerol (OPL) and 1,3-dioleoyl-2-palmitoylglycerol (OPO) are
the two most abundant sn-2 palmitoyl lipids in human milk. Currently, OPO is approved to be added to
infant formula, mainly because approximately 70-90% of palmitoyl in human milk is esterized at sn-2 of
TAGs, which emphasizes the significance of the position of palmitic acid rather than the importance of the
sn-1, 3 position fatty acids. OPO and OPL both belong to sn-2 palmitoyl TAGs and have similar health
benefits for infants based on the digestive characteristics of sn-2 palmitoyl TAGs. Some studies have proven
that OPL is essential in Chinese human milk [6, 7]. The design of the current infant formula is almost
entirely driven by the research findings of human milk in other countries. This also should be an essential
guideline for lipid mimicking in Chinese infant formula. Human milk in most Chinese regions contains
higher levels of linoleic acid and OPL-structured lipids, differing from Western human milk lipid
compositions. However, only OPO is an approved nutritional fortifier, evidence on OPL’s suitability and
optimal dosage remains insufficient.

Professor Deng Zeyuan's team from Nanchang University simulated infant gastrointestinal digestion
and used 1,3-dilinoleoyl-2-palmitoylglycerol (LPL), OPL, and OPO structures with purities of 59.58, 50.04,
and 55.79%, respectively, to explore their digestion differences in gastrointestinal tract [8]. The results
indicated that structured TAGs rich in oleic acyl (OPO or OPO in high proportions) were more digestible
than those rich in linoleic acyl (OPL, LPL, and OPL or LPL in high proportions). Caco-2 cells were treated
with high-purity standards (>98% OPO, OPL, or LPL). The linoleic acid-rich structured TAGs were not
only more easily absorbed than the oleic acid-rich structured TAGs but also more advantageous in the
synthesis and transport of TAGs in Caco-2 cells [8]. Correspondingly, the protein expressions of fatty acid
binding protein 1 (FABP1), peroxisome proliferator activated receptor alpha a (PPARa), and microsomal
triglyceride transfer protein (MTP) in Caco-2 cells treated with linoleic acid-rich structured TAGs were

significantly higher than those treated with oleic acid-rich structured TAGs [8]. In another study, human
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hepatocyte (LO2 cells) were treated with TAGs in different configurations [9]. The lipid accumulation in
LO2 cells was induced by OPL, whereas the expression of long-chain acyl-CoA synthetase 1 (ACSL1)
protein was increased in the OPL group, promoting the conversion of long-chain fatty acids to TAGs,
diacylglycerols (DAGs), and polar lipids (PLs). In another study, rat fed with human milk fat substitute
containing 57.87% sn-2 palmitoyl TAGs and 1.4 times of OPL to OPO ratio obtained the lowest TAG
accumulation in liver, synergistically improving the absorption of fatty acids and calcium, and increasing the
levels of total bile acids [7]. Adding OPO to mice diet resulted in lower final weight, weight gain, and liver
TAG, low-density lipoprotein-cholesterol, and the ratio of low-density lipoprotein-cholesterol to
high-density lipoprotein-cholesterol compared to OPL supplement [10]. These studies provide preliminary
evidence that structural TAGs (such as OPL, OPO, and LPL) have different effects on lipid metabolism. The
concentrations of OPL and OPO in human milk vary by approximately 1-2% in different countries [11, 12].
Therefore, the proportion of structured lipids in human milk cannot be strictly mimicked using structured
lipids with a purity of 50-80%. Currently, the high-purity OPL and OPO standards are primarily used in cell
experiments to simulate structured lipid characteristics of different countries and assess their efficacy. Thus,
more reliable model organisms and precise lipid ratios are needed for further investigation.

Caenorhabditis elegans (C. elegans), a multi-cellular eukaryote, is only 1.5 mm length with more than
70% of genes highly homologous to human genes. Its metabolic pathways of lipid biosynthesis are
well-conserved and has a well-defined lipid metabolism network [13, 14]. C. elegans is in advantages of
short life cycle, low food intake, simple cultivation, and independent survival [15]. Therefore, it is
economically feasible and scientifically reasonable to investigate the effects of OPL and OPO on human
health with high purity standards of up to 99% and C. elegans. Several studies have reported the effects of
lipid nutrition on health efficacy and its mechanisms based on C. elegans models, including analysis of the
effects of linoleic acid and conjugated linoleic acid on fat accumulation and activity [16], comparison of the
effects of natural and synthetic medium/long-chain structured TAGs on lifespan [17], and elucidation of the
benefits of membrane lipids in maintaining homeostasis [14]. Therefore, C. elegans is a reliable and
promising in vivo model organism that provides significant advantages for investigating lipid nutrition.

OPL and OPO are the most abundant structural TAGs in human milk, and differences in their
configurations affect lipid digestion, absorption, and metabolism in infants. However, their contents and
ratios in infant formula remain scientifically unverified, particularly concerning Chinese human milk.
Further research on the potential functionalities of different contents and ratios of OPL and OPO is still
required, which will help guide the application of OPL and OPO in future Chinese infant formula. This
study exposed juvenile C. elegans (L1-L4) to varying OPL and/or OPO concentrations to analyze changes
during L4 and adulthood, assessing the impact of early nutritional intervention on short- and long-term
health and lipid metabolism, which could provide scientific basis for regulation improvement and product
innovation of infant formula and even for early-life nutrition guidance. Clarifying the specific nutritional

effects of different contents and ratios of OPL and OPO is important strategies to ensure the rational
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application of OPL in infant formula. It is also a fundamental guarantee to innovate infant formula based on

Chinese human milk fat characteristic.

2. Materials and Methods
2.1 Chemicals and Reagents

Tryptone, yeast, NP40, and all reagents used for mass spectroscopy analysis were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Peptone was acquired from Becton Dickinson and Company
(Franklin Lakes, NJ, USA). The standards used for lipidomics were obtained from Avanti Polar Lipids Inc.
(Alabaster, AL, USA), Larodan AB (Sweden), and Shanghai ZZBIO Co., Ltd. (China), and were consistent
with those used in previous studies [18]. The purity of OPL and OPO was usually between 50% and 80%.
High-purity standard of OPL and OPO were selected to prepare a precise proportion of OPL and OPO
mixture as structural lipid food sources of C. elegans in this study. The purity of both OPO and OPL is over
99%, and their mass numbers are 857.38 and 859.39, respectively. OPL and OPO belong to research grade

lipids and were purchased from Larodan AB (Solna, Sweden).
2.2 Strains and Culture Conditions

The wild type C. elegans N2 and E. coli OP50 strains were provided by the Caenorhabditis Genetics
Center (CGC) at the University of Minnesota (Minneapolis, MN, USA). C. elegans at the L1-L4 stages were
placed in nematode growth media (NGM) with OPL- and/or OPO-containing E. coli OP50 as the food source.
C. elegans were age-synchronized using a synchronization process prior to OPL and/or OPO diet experiments
[19]. The concentrations of OPL and/or OPO coated onto the NGM are listed in Table 1, with one control
group and eight experimental groups. The rationale for choosing the specific concentrations and mixing
ratios of OPL and/or OPO depended on the reported literature and pre-experiments (Table S1-S2). C.
elegans was subjected to further experiments after the intake of OPL and/or OPO to the L4 stage.

Table 1 Concentration of OPL and OPO in NGM

Concentration (mg/L)

Group

OPL OPO
A: Control / /
B: Low OPL 4 /
C: Medium OPL 10 /
D: High OPL 40 /
E: Low OP / 4
F: Medium OPO / 10
G: High OPO / 40
H: OPL > OPO 6.7 33
I: OPO > OPL 4 6

2.3 Physiological Parameters
2.3.1 Body Length and Width

Different concentrations of OPL and/or OPO along with E. coli OP50 were mixed and spread at the
center of the NGM. Age-synchronized worms were maintained on NGM plates until the L4 stage. The

length and width of the worms were observed and photographed using an SME-168 stereo microscope
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(Motic, Xiamen, China). Approximately 50 worms from each group were captured, and the experiments

were performed in triplicate.
2.3.2 Lifespan Assay

The lifespan assay was performed as previously described [19], with minor modifications. Briefly,
synchronized worms were treated on NGM plates with E. coli OP50 and different concentrations of OPL
and/or OPO from stages L1 to L4. Subsequently, approximately 200 worms were transferred to NGM plates
containing only E. coli OP50. After transfer, movement and physical integrity were assessed, and abnormal
worms were excluded. Subsequently, the plates were inverted and incubated in a biochemical incubator at
20 °C, with the initial date recorded as day “0.” Worms were transferred to fresh plates coated with OP50 at
approximately 24 h intervals during the first 7 d of the lifespan experiment to allow the worms to be separated
from their offspring. From day 8, the worms were transferred to new plates at 3-d intervals. The survival status
of the worms was recorded at each transfer, including alive, dead, or vanished, until all the worms were dead.
Worms that did not respond to the mechanical stimuli were scored as dead. Worms that were still alive but
had abnormal survival behaviors, including hatching of live progeny inside the hermaphrodite, vulva
protrusion, vulva eruption, paralysis or incoordination, and bacterial or fungal contamination, were removed

from the analysis.
2.3.3 Body Bending and Head Swinging Tests

C. elegans were maintained with various concentrations of OPL and/or OPO from stages L1 to L4, and
then body bending and head swinging tests were performed [19]. Briefly, the frequency of body bending and
head swinging of worms was recorded under an SME-168 stereo microscope (Motic, Xiamen, China) after 1
min of free movement. Body bending frequency was determined as the number of body bends within 20 s.
Single-body bending is defined as a shift of one wavelength in the direction of the worm relative to the long
axis of the body. Worms were moved along the X-axis, observing changes in the posterior pharyngeal part
along the Y-axis. The head swinging frequency was defined as the number of head swings within 1min [20].
A successful head swing was defined as the worm’s head swinging back after swinging from one side to the

other. Each group contained approximately 50 worms, and the experiments were performed in triplicate.

2.4 Stress Resistance Assay
2.4.1 High-Sugar Assay

High-sugar NGM was obtained by adding 10 mmol/L glucose during the preparation of NGM [19, 21].
The control and eight OPL and/or OPO supplementation groups are designated as Table 1. OPL and/or OPO
supplementation and E. coli OP50 were evenly dispersed in the center of the high sugar NGM. The
age-synchronized worms were maintained on high sugar NGM plates until L4 stages. The length and width of
the worms were observed and photographed under SME-168 stereo microscope (Motic, Xiamen, China).

Approximately fifty worms from each group were captured, and experiments were performed in triplicates.

2.4.2 Heat Stress Assay
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Age-synchronized worms were maintained on control and experimental NGM plates (Table 1). The heat
stress assay was conducted based on a previously published procedure with some modifications [19, 22].
When worms grew to L4 stage, different groups of worms were placed in an incubator at 37 °C for 2 h and then
transferred to an incubator at 20 °C to recover. The survival status of the worms was observed after 24 h and

48 h of recovery. The experiments were conducted in triplicates and each group contained 50 worms.
2.4.3 Ultraviolet (UV) Stress Assay

Age-synchronized worms were maintained on control and experimental NGM plates (Table 1). When
worms reached the L4 stage, they were exposed to UV light for 24 h and then transferred to an incubator at

20 °C for continued cultivation [23]. The survival status of the worms was observed once daily until all worms
died.

2.4.4 Oxidative Stress Assay

The antioxidant activity of C. elegans fed OPL and/or OPL was assessed using a lifespan assay.
Age-synchronized worms were placed on NGM plates with OPL and/or OPL at different concentrations
(Table 1) until reaching L4. NGM surfaces were evenly coated with 30% H20:2 (30% H202: NGM = 1:1000,
v/v) [24, 25]. The worms were then transferred to NGM plates. The survival of the worms was monitored at
20-min intervals until all worms were dead. Experiments were performed in triplicate, with approximately 30

worms per group, lifespan curves were drawn using Prism 10.
2.5 Lipidomics
2.5.1 Sample Collection

C. elegans was cultured up to the L4 stage according to the protocol described in Section 2.2.
Subsequently, the NGM plates were rinsed using a 0.01 mol/L phosphate buffer saline (PBS) solution to
collect worms. The collected worm suspensions were centrifuged at 3,000 r/min for 3 min at 4 °C before
removing the supernatant. The centrifuged worms were then re-suspended in PBS and re-centrifuged under
the same condition, this process was repeated three times. The collected worms were snap-frozen in liquid

nitrogen for 15 min and then transferred to a —80 °C refrigerator for future use.
2.5.2 Lipid Extraction

The collected worms were weighed and diluted 20-fold with ultrapure water. Subsequently, the diluted
worm solution was mixed with zirconia beads, ground in a grinder for 25 s, and then frozen at —80 °C for 10
min. This process was repeated three times to ensure that the worms were evenly mixed with the purified
water. The procedure of lipid extraction was performed according to a previously described protocol
description [26], with minor modification. Briefly, the standards, including TAG 16:0-18:1-18:1 (d5),
phosphatidylcholine (PC) 14:1-17:0, phosphatidylethanolamine (PE) 14:1-17:0, phosphatidylinositol (PI)
14:1-17:0, phosphatidylserine (PS) 14:1-17:0 phosphatidylglycerol (PG) 14:1-17:0, sphingomyelin (SM)
d18:1-17:0 and ceramides (Cer) d18:2-24:0, were dissolved in methanol-dichloromethane (1:1, v/v)

containing 10 mmol/L ammonium acetate (Table S3). Next, 200 uL of worm dilution solution was mixed
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with dichloromethane (900 pL), methanol (2 mL), and ultrapure water (200 puL), which was then agitated by
shaking for 10 s. Subsequently, an additional 900 pL of dichloromethane and 200 pL of ultrapure water
were added, followed by centrifugation at 3,300 x g for 15 min to separate the organic and aqueous phases.
The organic phase was then mixed with 600 uL of dichloromethane, 2.2 mL of methanol, and 1 mL of
ultrapure water. This mixture was then centrifuged at 3,000 x g for 10 min to obtain the organic phase. The
aqueous phase was mixed with 1.8 mL dichloromethane and centrifuged at 3,300 % g for 15 min to obtain
the remaining organic phase. The two fractions of the organic phase were dried under nitrogen gas flow and
dissolved in 1 mL of methanol-dichloromethane (1:1, v/v) containing 10 mmol/L ammonium acetate. The

extracted lipids were used directly for PLs and glycerolipids (GLs) analysis.
2.5.3 Lipid Detection

GLs and PLs were separated and detected using ultra- performance liquid
chromatography/quadrupole-time-of-flight mass spectrometry (AB Sciex, 6600), as previously described
[27]. The conditions for liquid chromatography and mass spectrometry were consistent with the published
protocols [27]. GLs and sphingolipids were detected in positive ionization mode, whereas glycerol

phospholipids were identified in negative ionization mode.
2.5.4 Qualitative and Quantitative Analysis

Qualitative and quantitative analyses of PLs were performed using Pearkview (version 2.2) and
Multiquant (version 3.0.2) software. Glycerophospholipids were identified based on the adductive ion mass,
head group fragments, and fatty acyl residues in negative ion mode. The mass of the parent ion and a
characteristic fragment ion were used to detect sphingolipids, such as m/z 184 for SM and m/z 264 or 266 for
Cer. Qualitative and quantitative analyses of GLs were performed using fragment ions and independent mass
spectrometry data analysis (MS-DIAL) software. Positively charged [M + NHa]" and [DAG]" (or [M - RCOO
+ H]") fragments were used to identify the TAG species. Regression equations were used to quantify the PLs

and GLs concentrations, as shown in Table S4.
2.6 Multi-Structured Illumination Microscopy (Multi-SIM) Super-Resolution Microscopy

Age-synchronized worms were maintained on control, medium OPO, medium OPL, OPL>OPO, and
OPO>OPL NGM plates from L1-L4, respectively. A maximum number of L4 worms were collected in 1.5
mL microcentrifuge tubes and washed with PBS containing 0.01% Triton X-100. The worms were allowed
to settle under gravity for 10 min, and the supernatant was discarded. The worms were fixed with 150 pL of
50% isopropanol at 25 °C for 10 mins, then the supernatant was discarded, leaving 25 pL of 50%
isopropanol and the worms. Subsequently, these worms were labeled with 125 pL of freshly prepared Liss
Rhod PE (10 pg/mL, Merck) and Lipi-QA (10 pg/mL, Sunbloss) staining solution in a dark room for 4 h.
After gravity settlement, 125 pL of dye working solution was removed, leaving 25 pL of solution and the
worms. Subsequently, the samples were washed three times with 1 mL of M9 buffer. Next, the samples were

fixed with a post-fixation solution (SunBloss, HXIE-2) for 10 min, and the post-fixed worms were washed
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again three times with 1 mL of M9 buffer. The worms were evenly and flatly spread on glass coverslips
(SunBloss, STGBD-035-1) for high-quality super-resolution SIM imaging.

TIRF-SIM/GI-SIM/Single, Slice-SIM/Stacked, and Slices-SIM/3D-SIM images of worms were
acquired on a Multi-SIM imaging system (Nanolnsights) with a 100X/1.49 NA oil objective (Nikon CFI SR
HP Apo), semiconductor lasers (405 nm)/solid-state lasers (488 nm and 561 nm) and a CMOS
(Complementary Metal-Oxide-Semiconductor) camera (Photometrics Kinetix). SIM image were
reconstructed using SI-Recon 2.23.3 (Nanolnsights) with a pixel size of 30.6 nm, channel-specific optical
transfer functions, Wiener filter constants of 0.01 (2D) and 0.005 (3D), and background subtraction of
negative intensities. The reconstructed SIM image was then denoised using total variation constraint. Pixel

registration was corrected to be less than 1 pixel for all channels using 100 nm fluorescence beads.
2.7 Statistical Analysis

Lifespan analysis was conducted using the Kaplan—-Meier method, and P-values were calculated using
log-rank tests. When compared with the control group, P < 0.05 was marked with “*”, P < 0.01 was marked
with “**” and P < 0.0001 was marked with “****” in Fig. 2 and Fig. 3C-3H. The statistical methods
employed included one-way ANOVA with Duncan’s multiple tests for instances of equal variance,
Tamhane’s T2 test for cases of unequal variance, and a nonparametric test when the distribution was not
normal. The results are presented either as the mean + standard deviation or as a percentage. Statistical
significance was set at a threshold of P < 0.05. The PLs and GLs were determined at a molecular resolution
via multiple testing in MetaboAnalyst (https://www.metaboanalyst.ca/). Statistical significance was set at an
AVOVA P -value (FDR) < 0.05.

3. Results and Discussion
3.1 Health Status of C. elegans Cultured with OPL and/or OPO
3.1.1 C. elegans Growth Ability Cultured with OPL and/or OPO

Body length and width are important parameters for evaluating the growth and developmental abilities
of C. elegans. The changes in C. elegans body length and width are shown in Fig. 1. C. elegans showed a
significant increase in body length in the medium-dose OPL groups and in the low-, medium-, and high-dose
OPO groups compared with control group, which were marked different uppercase letters in Fig.1.
Additionally, the body length of the worms was significantly longer in the low-dose OPO group than in the
low-dose OPL group; however, there was no significant difference between the middle- and high- dose OPO
and OPL groups. The increase in C. elegans body length was most significant (P < 0.001) with OPL and
OPO mixed feeding compared with control group, which was significantly higher than that with the control
and OPL or OPO alone feeding; however, the different proportions of OPL and OPO had no significant
effect on the body length of C. elegans. These results indicate that even though either OPL or OPO could
improve the body growth of worms, the mixed feeding of OPL and OPO had the better effect. Interestingly,
mixed feeding of OPL and OPO had no significant effect on the body width of C. elegans. Among the



Q. Liu et al. / Food Science and Human Wellness 16 (2027)

different treatments, only the medium-dose OPL and low- and medium- dose OPO groups exhibited greater
body widths than the control group. Therefore, the effects of OPL and OPO exposure on worm body length
were more obvious than those on body width. The changes in the body length of C. elegans were influenced
by the feeding doses of OPO or OPL. When the added amounts of the structured lipids were 0, 4, and 8
mg/L, the body length of C. elegans increased with the amount of OPL or OPO added. Based on linear
analysis, the R? values of OPL and OPO were 0.9426 and 0.8596, respectively, indicating that the
concentrations of OPL and OPO could respectively explain 94.26% and 85.96% of the variation in body
length. When the concentration of OPL or OPO increased to 40 mg/L, the body length of C. elegans began
to decrease. This phenomenon indicates that the promoting effect on C. elegans’ body length is restricted by
high concentrations of OPL or OPO.

Feeding OPO alone has a better effect than OPL on body length, whereas OPL and OPO mixed feeding
yields a more favorable result, significantly promoting the growth of body length in C. elegans without

increasing body width.

1000 - [ cControl
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800 |- [ Jrowopro
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700 L [ ]High orO
[JorL > 0orPO
600 | [_Joro>oPL
500 |-
= I
3.
400
300=
75
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25 |
L a a cab bbcb d d a a b ab baba a

Body Length Body Width

Fig. 1. Effects of OPO and/or OPL with different concentrations and proportions on C. elegans. body length and width.
Different lowercase letters represent significant (P < 0.05) differences in body length and width.

3.1.2 Effect of OPL and/or OPO on C. elegans Lifespan

The lifespans of C. elegans grown on the control NGM and those supplemented with different
concentrations of OPL and/or OPO were compared (Fig. 2). Feeding worms with high concentrations of
OPL significantly reduced (P < 0.05) the lifespan of C. elegans, whereas low and medium concentrations of
OPL had no effect on lifespan. However, different concentrations of OPO increased the lifespan of C.
elegans, and a medium concentration of OPO had a significant effect (P < 0.01) on lifespan (Fig. 2 Control
vs. OPO). Feeding with a different proportion of OPL and OPO did not affect the lifespan of C. elegans.

Moreover, the median survival of C. elegans was 21 d in the control and OPL and OPO mixed feeding
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groups. However, the median survival of C. elegans was 23 d in the medium- and high-concentration OPO

groups. These results indicated that OPO is beneficial for prolonging the lifespan of C. elegans.

Control vs. OPL
Control vs. OPO
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Control vs. Mixted OPL and OPO

—— Control
= OPL>0PO
—— OPL<QPO

Survival (%)

]
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Day

Fig. 2. Survival proportions of C. elegans grown on control NGM and NGM supplemented with different concentrations of
OPL and/or OPO. The “*” represent P < 0.05 and “**” represent P < 0.01, when compared with the control group.

Dietary mono-unsaturated fatty acids (MUFAs) are linked to longevity in several species because they
not only upregulate the number of lipid droplets and peroxisomes, which are critical for MUFA-induced
longevity in C. elegans, but also modify the ratio of membrane lipids to ether lipids, a feature associated
with reduced lipid oxidation [28, 29]. Moreover, polyunsaturated fatty acids (PUFAs) contain more double
bonds than saturated fatty acids (SFAs) and MUFAs and are therefore more susceptible to peroxidation,
which in turn leads to the propagation of reactive oxygen species and further damage to proteins and nucleic
acids [30]. The longevity mutants of C. elegans were found to have increased MUFAs and decreased PUFAs
[30]. Another study found that the lifespan of C. elegans cultured with large amounts of fish oil was
shortened significantly, whereas an appropriate amount of fish oil extended their lifespan significantly [31].
These may explain why the lifespan of C. elegans was significantly inhibited by a high concentration of
OPL, but promoted by a medium concentration of OPO, with no effect observed for the combination of OPL
and OPO. Additionally, the maximum lifespan of C. elegans was higher in the experimental groups than that
in the control group, demonstrating the potential of OPL and/or OPO to extend the maximum lifespan.

Overall, the effects of OPL and OPO on the lifespan of C. elegans are different. OPO is beneficial,
whereas high concentrations of OPL have an inhibitory effect. The differential effects of OPL and OPO on
C. elegans lifespan may be related to the differences in metabolites after the intake of OPL and OPO.

3.1.3 Effect of OPL and/or OPO on C. elegans Locomotory Behavior
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The motility of C. elegans is an important indicator of its health statue. The body bends and head
swings of C. elegans fed E. coli OP50 and E. coli OP50 supplemented with different concentrations of OPL
and/or OPO are present in Table 2. Low and medium concentrations of OPL and OPO significantly
increased body bending and head swinging frequencies, respectively. However, high concentrations of OPL
or OPO significantly inhibited the motility of C. elegans. When worms were supplemented with the same
concentrations of OPL or OPO, OPO supplementation had a more significant promotional effect on both
body bending and head swinging. When worms were treated with a mixture of OPL and OPO, they moved
more actively in the presence of a higher concentration of OPO than that of OPL. These results indicate that
OPO structured lipids are more effective at promoting the movement of C. elegans. Among the different
treatments, we found that at low concentration of OPO caused the most significant increase in body bending
and heading swinging frequencies in worms, with a 57.23% increase in body bending and a 21.66% increase
in heading swinging. Therefore, the low concentration is more suitable for the movement of C. elegans. This
may be because low concentration of OPO not only enhances the physical condition of C. elegans, but also
did not interfere with its movement due to the increase in body length. In another perspective, the mixed
OPL and OPO treatments had a relatively positive impact on the growth and movement of elegans.

Table 2 Body bend and head swing frequencies of C. elegans fed E. coli OP50 and E. coli OP50 supplemented with
different concentrations of OPL and/or OPO

Body Bends Head Swings
A: Control 6.57+2.10°€ 49.76 £ 6.63 °
B: Low OPL 8.47 +3.27 FF 56.39+2.274
C: Medium OPL 7.85+235P 49.68 £2.96 °
D: High OPL 473 +£2234 44.11+£9.70 2
E: Low OPO 10.33 £3.58 G 60.54+7.52°¢
F: Medium OPO 8.42 +3.37 FF 52.13+7.54¢
G: High OPO 576 +2.448 4422 +7.702
H: OPL > OPO 7.22 £2.63 PE 49.03 £8.59°
I: OPO > OPL 9.00+2.72 F 56.61 +7.61 ¢

Note: Different uppercase letters indicate significant differences (P < 0.05) in body bending; different lowercase superscript
letters indicate differences (P < 0.05) in head bending.

3.1.4 Effect of OPL and/or OPO on Stress Resistance

Fig. 3 illustrates the variations in body length and width induced by high sugar, survival rates at 24 h
and 48 h following a 2-h treatment at 37 °C, and the lifespan of C. elegans under UV and oxidative stress
with different concentrations and ratios of OPL and OPO supplementation. Under high-sugar conditions, the
body width of the worms increased significantly (P < 0.05, except for the OPL<OPO group), whereas the
body length increased significantly only in the low OPL and low and high OPO groups (Fig. 3A). The
changes trend in body length and width of worms with OPL and OPO supplementation were not consistent
in high-sugar conditions or not, compared with the control group. In detail, the body width of C. elegant in
the high-sugar environment containing OPL and/or OPO enhanced more significantly, whereas the body
length of C. elegant in the environment only exposed to OPL and/or OPO changed more noticeably. This

might be because the high-sugar environment provided excessive energy to C. elegans, thereby further
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promoting their obesity under the expose of OPL and/or OPO, without playing a role in regulating
metabolism or reducing fat accumulation. OPL and OPO supplementation improved the survival rate of C.
elegans under heat stress at 37 °C, and the effect was more significant at 48 h than at 24 h (Fig. 3B). OPL
had a more significant effect than OPO at 48 h, but there was no significant difference between the mixed
feeding groups (Fig. 3B). Proper supplementation with OPL and/or OPO extended the lifespan of C. elegans
under UV and oxidation stress. Specifically, low OPL, medium OPO, and OPL>0OPO significantly extended

lifespan under UV stress (Fig. 3C-3E), while all treatments markedly prolonged lifespan under oxidative
stress (Fig. 3F-31).
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Fig. 3. Stress response of C. elegans under high-sugar, heat (37 °C), UV and oxidation stress conditions, measured in body
length and width (A), survival rates at 24 h and 48 h (B), and lifespan (C—H). Different lowercase letters represent
significant (P < 0.05) differences in body length and width. The “*” represent P < 0.05 and “****” represent P < 0.0001,
when compared with the control group.
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C. elegans fed with a mixture of OPL and OPO exhibited more prominent performance. The OPL <
OPO group had a stronger ability to survival (at 48 h), whereas the OPL > OPO group helped to inhibit
ultraviolet radiation and oxidative damage (no statistical difference), thus extending lifespan. In conclusion,
the preferential effects of different ratios of OPL and OPO were not consistent, but both enhanced the stress

resistance of C. elegans.
3.2 Lipid Profiling of C. elegans Cultured with OPL and/or OPO

Lipids serve critical functions in C. elegans, acting as structural components of membranes, signaling
molecules, and energy storage in TAGs [32]. Lipidomics enables comprehensive analysis of the tens of
thousands of lipid species, which vary with physiological, pathological, and environmental conditions [33].
Changes in C. elegans food source affect lipid subclass composition and content as well as lipid molecule
composition and content, altering physiological traits.

Overall, 186 lipid molecular species were detected in C. elegans from the control group. The number of
lipid species increased in C. elegans fed different concentrations of OPL and/or OPO, and the number of PE,
PS, and DAG species increased significantly (P < 0.05, Table S5). In addition, the number of molecular
species was generally higher in the OPL < OPO group than in the control and other treatment groups (Table
S5). The TAG species in C. elegans were abundant, representing approximately 42—50%, followed by PE,
SM, DAG, PC, PG, PS, PI, Cer, LysoPG, MAG, and other lysophospholipids (Table S5). The quantitative
results of the lipid subclasses in C. elegans showed that feeding OPL and/or OPO to C. elegans increased
TAG and DAG levels in C. elegans (except for the low OPO group). Moreover, the concentration of TAG in
C. elegans increased with the enhance feeding concentration of OPL or OPO in this study. The main PLs in
C. elegans were PC, PE, PS, and SM, followed by PI, PG, LPE, and LPC, whereas the LPI, LPG, LPS, and

Cer contents were relatively low (Fig. S1), consistent with previous results [32, 34].
3.2.1 Change in Polar Lipids in C. elegans Cultured with OPL and/or OPO

PLs are important components of biological cell membranes and play crucial roles in various cellular
functions. C. elegans obtains the majority of its membrane lipids by modifying the fatty acids present in its
diet [14]. The metabolic pathways of membrane lipid biosynthesis are well-conserved across the animal
kingdom, with glycerophospholipids produced by the cytidine diphosphate diacylglycerol (CDP-DAG) and
Kennedy pathways and sphingolipids synthesized by different pathways in C. elegans [14].

Feeding C. elegans with different concentrations and ratios of OPL and/or OPO increased the
concentration (from 65.07 mg/L to 125.27-291.30 mg/L) and proportion (from 25.95% to 31.55-48.32%) of
PE in C. elegans, making it the most abundant PLs, surpassing PC (Fig. S1). PLs containing PUFAs in C.
elegans play an important role in maintaining growth and adapting to environmental changes [34]. PE was
the main carrier of phospholipid PUFAs; therefore, the increase in PE may contribute to the improvement of
physiological function in body length and resistance to heat, UV, and oxidative stress. Furthermore, the
concentrations of PS and PC in the experimental group also significantly increased, except for the low-dose

group (Fig. S1). Dietary supplementation with PS increases reactive oxygen species and the expression of
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stress-responsive genes, thereby improving anti-oxidative stress and exercise ability and prolonging the
lifespan of C. elegans [24]. Additionally, desiccation stress depletes PC in cell membranes and enhances
their interaction with trehalose to obtain a stronger hydration-induced gain in acyl chain free volume and a
wider spread of structural relaxation rates of their lyotropic transitions and sub-headgroup H-bond
interactions [14, 35]. Theoretically, the increase of PE, PC and PS in C. elegans would improve its growth,
exercise and stress resistance. However, only the mixed feeding of OPL and OPO was both significant in
body length, body bends, head swings, heat stress, and oxidative stress.

The changes in PL species in C. elegans fed E. coli OP50 containing OPL and/or OPO are shown in
Fig. S2. Partial least squares discriminant analysis (PLS-DA) revealed distinct separation between control
and experimental groups, with medium OPO and OPL<OPO groups differing from the others. PE and LPE
were the main contributors to this variation, because PE and LPE accounted for 17 in the top 25 influencing
factors based on the VIP score (Fig. S2B). The experimental group showed a general increase in the top 25
different PL molecules, particularly PE 36:5, PE 38:6, PE 36:4, PE 34:4, and PE 40:4. A heatmap (Fig. S2C)
displays 73 significantly altered PL species, including PE 36:6, PE40:5, PE 38:6, PE 36:4, PE 38:5, PC 36:4,
PI 38:6, PI 36:5, PC 36:6, PS 38:5, PC 36:5, LPE 20:4, and LPE 20:5, some of which were significantly
higher in the experimental groups than in the control group. These PL molecules also contain PUFAs such as
C20:5 (eicosapentaenoic acid, EPA), C20:4 (arachidonic acid, AA, eicosatrienoic acid, ETA), C18:3, or
C18:2. PE containing EPA, such as PE 36:5, PE 38:6, PE 36:6, and PE 38:5, are precursors of
eicosapentaecnoyl ethanolamide that promote larval growth [36]. PUFAs supplementation preferentially
diverts fat to somatic tissues over the germline in adult C. elegans, thereby increasing somatic resilience,
improving stress responses, and improving survival [36, 37]. In response to this signal, PUFAs are released
from the membrane by phospholipases and are further metabolized to form powerful short-range signaling
molecules, collectively known as eicosane compounds. This might be linked to the fact that phospholipid
PUFAs promote the growth of C. elegans and enable it to adapt to environmental changes, thereby
prolonging its body length and enhancing its stress resistance [34].Therefore, the changes in the growth,
lifespan, movement, and stress response abilities of C. elegans after OPL and/or OPO intervention may be
related to the content and fatty acid saturation degree of PLs in its body.

The clustering correlation between the control and experimental C. elegans PL molecules showed that
low, medium, and high concentrations of OPL and OPO were clustered, and the OPO and OPL mixed
feeding groups were clustered. This indicates that the PLs in each group were mainly affected by the
concentration of OPL and OPO, followed by their composition. In general, the significantly altered PL
molecules in C. elegans were elevated in concentration, and the overall change in content was related to the
supplementation dosage. Specifically, the content of LPE 18:0, PC 36:5, PC34:1, PC38:3, and LPE20:2
significantly increased in OPL>0OPO and OPL<OPO groups, which was consistent with the significant
increase in the body length of C. elegans in the same group. Whether these phospholipid molecules might be

related to the rapid growth of the worms still needs to be explored. The content of LPE and PC molecular
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species significantly increased in the OPL<OPO group. PC promotes lipid metabolism, emulsification, and
excretion, thereby reducing lipid accumulation, which may be explain the reason why the body width of C.
elegans in OPL<OPO group did not show significant changes under high sugar feeding. These results
indicated that mixed feeding of OPL and OPO improved the physiological functions of C. elegans, which
may be related to the variations in the compositions and contents of PLs, but the specific dose-response

relationship and the underlying mechanism still require further exploration.
3.2.2 Change in GLs of C. elegans Cultured with OPL and/or OPO

Lipids are primarily stored in the form of TAGs in droplets in the gut granules, hypodermal cells, and
germ line of C. elegans [38, 39]. The concentration of DAG increased significantly (Fig. S3B). At the lipid
subclass level, the content of DAGs significantly increased from 100.32 mg/L in the control group to
169.07-309.47 mg/L in the experimental groups (Fig. 4). DAG not only controls many cellular processes
mediated by neurotransmitters, growth factors, and hormones through the activation of protein kinase C, but
also controls neurotransmission and certain transient receptor potential cation channels through the
activation of the synaptic vesicle initiating protein UNC-13 [40]. After feeding with OPL and/or OPO, the
significant increase in body length, stress ability, and frequency of body bending and head swinging may be
related to the significant increase in DAG content and proportion. The correlation analysis revealed that the
changes in DAG content in C. elegans were consistent with the trend of body length changes. The
correlation coefficients between OPL and OPO groups were 80.07% and 60.69%, respectively, indicating a

high degree of correlation between the two.
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Fig. 4. Molecular species number (A) and concentration (B) of DAGs and fatty acid-containing TAGs in C. elegans fed E.
coli OP50 and E. coli OP50 supplemented with different concentrations of OPL and/or OPO. a-LA, a-linolenic acid; y-LA,
y-linolenic acid. Different lowercase letters represent significant (P < 0.05) differences in DAGs and certain fatty
acid-containing GLs.

The molecular species and concentrations of GLs containing linolenic acid in C. elegans were
significantly enhanced by treatment with OPO and/or OPL (Fig. 4). Unlike humans and most other animal
species, C. elegans can use FAT-1 ®-3 desaturase to convert 18-carbon and 20-carbon ®-6 fatty acids into
-3 fatty acids [30]. Moreover, FAT-3 ®-3 desaturase also can convert ®-6 linoleic acid into ®-6 y-linolenic
acid (GLA) [30]. Therefore, the enhanced molecular species and concentrations in GLs containing linolenic
acid may be attributed to FAT-1 ®-3 and FAT-3 ®-3 desaturase activated by the increased oleic acid and
linoleic acid levels in the body. Notably, a-linolenic acid (a-LA) treatment can activate the nhr-49/PPARa
transcription factor, extending the lifespan of C. elegans [41]. Similarly, treating C. elegans with medium

concentration of OPO resulted in a very significant increase in the contents of a-LA/y-LA-containing GLs
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(Fig. 4B). This was accompanied by a notable extension of lifespan, suggesting a potential correlation that
requires further investigation using nhr-49/PPARa and FAT-1 mutants for verification. EPA-containing GL
levels were higher in medium and high-concentration OPL or OPO groups, as well as in the OPL<OPO
group, compared to the control and low concentration OPL and OPO groups. Omega-3 and omega-6
PUFAs, particularly EPA, contribute to growth, development, movement, neuronal function, reproduction,
fitness, and cognition in C. elegans [36, 42]. Therefore, dietary supplementation with OPO and/or OPL
should have a positive effect on GL composition in C. elegans.

Changes in GL species in C. elegans after being fed OPL and/or OPO are shown in Fig. S3. Similar to
the PL analysis, the PLS-DA results showed significant differences between the control and experimental
groups, indicating that the diet also changed the fatty acid composition and content of GLs in C. elegans.
The top 25 differential GL molecules were found to be rich in odd-numbered carbon fatty acids C17:1 and
C19:1 (or C17A and C19A), unsaturated fatty acids C18:1 and C18:2, and functional fatty acids C20:4 and
20:5 (Fig. S3B). This is consistent with the notion that the fatty acids of TAGs in C. elegans are mainly
composed of dietary fatty acids and their derivatives obtained from E. coli and supplements [39]. The liquid
chromatography-mass spectrometry cannot distinguish isomers in this study, thereby identifying C17A and
C19A as C17:1 and C19:1, respectively. The abundant C17A and C19A identified in C. elegans are derived
from E. coli OP50 that is rich in cyclopropane fatty acids (C17A and C19A) [32]. Similarly, C18:1 and
C18:2 are derived from dietary OPL and/or OPO supplements and E. coli OP50 [39]. Moreover, C. elegans
can resynthesize all essential fatty acids, including AA and EPA, using acetyl-CoA carboxylase, fatty acid
synthase, and a series of fatty acid desaturases and elongators [30]. However, C. elegans lacks the specific
elongase required to produce 22-carbon PUFAs [30]. This may explain why C. elegans is rich in AA and
EPA but contains almost no 22-carbon fatty acids. The heatmap in Fig. S3C shows the 49 GL molecular
species with significant differences based on ANOVA analysis. The content of GL molecules containing
C17A, CI19A, C18:1, and C18:2 generally increased, but those of TAG 20:5-20:5-20:5 and TAG
20:4-20:5-20:5 decreased significantly (Fig. S3B—S3C). This indicated that feeding OPO and/or OPL altered
the concentration and composition of GLs in C. elegans. The diet rich in oleic acid and linoleic acid led to
more GLs containing these acids in C. elegans, while simultaneously resulting in fewer TAGs with three
functional fatty acids.

Lipidomics showed that C. elegans fed OPO and/or OPL had increased PE, PC, and PS as well as GLs
containing LA and EPA; enrichment of these lipid molecules in worms may increase reactive oxygen species
in their body, which actually increased resistance to oxidative stress through the process of stress-induced
hormesis [24, 30]. This may also explain why high OPL concentrations shortened C. elegans’ lifespan and
medium OPO concentrations extended C. elegans’ lifespan, whereas OPO and/or OPL treatment both
prolonged the lifespan of C. elegans under oxidative stress. In conclusion, supplemented OPO and/or OPL

to C. elegans changed the composition and content of GLs and PLs in C. elegans, and these changes were
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related to C. elegans physiological function, but the specific regulatory mechanism and dose-effect

relationship still need to be further explored.
3.3 Multi-SIM Profiling of C. elegans cultured with OPL and/or OPO

The merged images of C. elegans obtained through multi-SIM are shown in Fig. 5, in which the green
or blue globules are GLs stained with Lipi-QA, and the diffuse red regions are PLs stained with Liss Rhod
PE. GLs were mainly found in the intestinal tissue, hypodermal cells, and germ line in the form of dispersed
lipid droplets, which is consistent with published research [38, 43]. GLs are surrounded by a phospholipid
monolayer mainly composed of PC and PE; ACS-4, as a lipid droplet-associated protein, can bond to the
surface of lipid droplets and revealed a ring pattern in live imaging, consistent with lipid droplet surface
localization [43]. These results are not completely consistent with the imaging in this study. PLs were found
throughout the C. elegans body, with red fluorescence dispersed across the body in this study (Fig. 5). As a
living organism, the membrane structures of C. elegans throughout the body. The fluorescent probe Liss
Rhod PE selected in this study can bind to all PLs components. Therefore, red fluorescence (PLs) was
distributed throughout the body of C. elegans, and no typical spherical membrane structures were observed
in imaging studies. However, the main components of membrane are still PE and PC, which is consistent
with the results in 3.2. The 3D images more accurately depict the distribution of GLs and PLs in C. elegans
(Fig. 5). Three-dimensional fluorescence imaging showed that as the imaging depth of the sample increased,
the fluorescence became weaker; thus, the color of the lipid droplets gradually changed from green to blue
(Fig. 5). This fluorescence reduction was primarily due to light absorption, scattering, fluorescence

quenching, and optical system limitations.
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Fig. 5. Stacked-SIM (2D) and 3D-SIM images of C. elegans fed E. coli OP50 and E. coli OP50 supplemented with different
concentrations of OPL and/or OPO. Stains: Liss Rhod PE for PLs (red) and Lipi-QA for GLs (green or blue).

Different concentrations and ratios of OPL and/or OPO alter the characteristics of lipid droplets in C.
elegans. However, it is difficult to make a naked-eye assessment of the differences in lipid droplets among
different groups. Therefore, the number, average size, and Feret diameter of lipid droplets were measured to

evaluate the effects of different concentrations and ratios of OPO and/or OPL on lipid droplets in C. elegans
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in the present study. Previous studies have shown that dietary supplementation of the cis-MUFA oleic acid
upregulates lipid droplets, extends lifespan, and reduces lipid oxidation in middle-aged adults; moreover,
increased numbers of lipid droplets in young or middle-aged individuals predicts their remaining lifespan
[28]. These are consistent with the results of this study. Specifically, in terms of physiological
characterization, medium concentration OPO prolonged the lifespan of C. elegans and obtained the
maximum lifespan (shown in 3.12 Section). In terms of lipid droplets, the number of lipid droplets were
higher in the medium concentration OPO groups than in the control, medium concentration OPL,
OPL>0OPO, and OPO>OPL groups as shown in Table 3. In all, OPO increased lipid droplet count, reduced
lipid droplet size, and extended lifespan compared to OPL. The average size and Feret diameter of the OPO
and OPO>OPL groups were smaller than those of the OPL and OPL>OPO groups, respectively. The smaller
lipid droplets increase the specific surface area of lipid droplets, fluidity of adipose tissue, and energy supply
rate of lipid metabolism [44], thereby improving the movement ability of C. elegans. This may explain why
the OPO is more effective than OPL in promoting the movement of C. elegans. Compared with the 10 mg/L
of OPL and/or OPO groups, the control group had the worst motility but not the largest lipid droplets, which
may be related to the improved physical function of C. elegans due to OPO and/or OPL supplementation,
such as providing energy, thereby enhancing its movement ability. Based on the imaging results, the lipid
droplets appear to be nearly spherical. Therefore, the lipid droplet x average size® and lipid droplet x Feret
diameter® values can be used to assess lipid concentrations in C. elegans. The values were significantly
higher in the experimental groups than in controls, confirming increased GL content, consistent with the
detection results in Section 3.2.

Different concentrations and ratios of OPL and/or OPO altered the number and size of lipid droplets in
C. elegans, which can to some extent explain the changes in the lifespan and movement ability of worms.
Besides, the multi-SIM imaging statistics are consistent with the quantitative results of GLs. In all, feeding
C. elegans with OPL and/or OPO synergistically alters the physiological characterization as well as lipid

composition, content, metabolism, and morphology of C. elegans.

Table 3 Lipid droplet of parameters of C. elegans fed E. coli and E. coli supplemented with different concentrations

of OPL and/or OPO
Group Count of lipid droplets Average size (um) Feret diameter (um)
Control 281 0.28 +£0.58° 0.58 £0.73>
Medium OPL 335 0.28 £0.57° 0.61 +0.70%
Medium OPO 417 0.25+0.51° 0.57 £ 0.63%
OPL > OPO 267 0.45+0.872 0.73+£0.872
OPL < OPO 304 0.29+0.66° 0.60 +0.79°

Note: Different lowercase superscript letters indicate significant differences (P < 0.05) in average size and Ferret diameter.

4. Conclusion

This study investigated the effects of varying concentrations and ratios of OPO and/or OPL on short-
and long- term health outcomes and lipid metabolism in C. elegans. Medium concentrations of OPO

extended lifespan, whereas high concentrations of OPL reduced it. Mixed supplementation with OPL and
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OPO had no significant effect on lifespan, a result likely influenced by fatty acid composition and lipid
droplet number. The OPO > OPL group exhibited greater mobility compared to both the equal
-concentration group and the control, likely due to higher OPO content and smaller lipid droplets. Although
OPL or OPO promoted body growth in C. elegans, the mixed OPL and OPO feeding groups (total 10 mg/L)
produced the most pronounced growth effect. Additionally, survival rates significantly improved in worms
fed the mixed OPO and OPL diet following heat exposure at 37 °C. While not all treatments showed
statistically significant differences, supplementation with OPL and OPO enhanced resistance to ultraviolet
and oxidative stress, particularly in the OPL > OPO group. Although the effects varied across physiological
indicators, mixed OPL and OPO feeding generally improved physiological outcomes in C. elegans.
Supplementation with mixed OPL and OPO altered lipid composition, content, and morphology, thereby
affecting lipid metabolism and physiological traits. Enhancements in PE, PC, PS, MUFA, PUFA, EPA, and
DAG were partially associated with improvements in movement, longevity, and stress resistance. These
findings highlight the importance of considering the mixed application of OPL and OPO and their
concentration and ratio in the design of infant formula. However, further genomic and proteomic studies are

required to elucidate the specific mechanisms underlying OPO and OPL effects.
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