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Human breast milk lipids have major beneficial effects: they promote infant early brain development, growth and

health. To identify the relationship between human breast milk lipids and infant neurodevelopment, multivariate

analyses that combined lipidomics and psychological Bayley-III scales evaluation were utilized. 
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1. Introduction

The World Health Organization (WHO) suggests a global strategy for infant and young child feeding, and that

breastfeeding is helpful to improve infant neurodevelopment, growth and health. Human breast milk contains a

mixture of substances that contribute to its nutritional value, and human breast milk lipids supply the fundamental

source of energy and necessary nutrients for infants . Human breast milk lipids are mainly composed of

triglycerides, which are esters derived from three fatty acids and glycerol. In a small population, polyunsaturated

fatty acids (PUFAs) constitute only 0.8% to 26% of triglycerides in human breast milk; they are considered some of

the most important lipids required for infant short-term and long-term neurodevelopmental outcomes . Although

we are continuously learning more about the role of lipids, especially PUFAs in infant neurodevelopment, lipids

represent a large group of macronutrients constituting a majority of components that remain largely unstudied and

poorly understood.

We identified a correlation between human breast milk lipid composition and infant neurodevelopment. Milk

samples were collected from the study subjects within the first month after giving birth in the Kaoping area in

Taiwan. Lipids were further isolated from human breast milk and analyzed for their components. Infants’ and

children’s neurodevelopmental assessment scores were measured according to Bayley-III scales. The relationship

between human breast milk lipid components and neurodevelopment were analyzed by multiple regression.

Notably, 9,12-octadecadiynoic acid (C H O ) had a significantly positive correlation coefficient (β estimate =

0.28875) with an adaptive behavioral development (Table 1) and was identified from thousands of human breast

milk lipids (Figure 1).
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Figure 1. 9,12-octadecadiynoic acid reveals a positive correlation with adaptive behavior. Multivariate analyses

between 9,12-octadecadiynoic acid and adaptive behavior of the Bayley-III developmental score adjusted for

mother’s age, body mass index and parity number of birth (n = 100). Spearman correlation coefficient of 9,12-

octadecadiynoic acid vs. adaptive behavior, correlation coefficient, β estimate = 0.28875; ** p < 0.01.

Table 1. Multivariate analyses between lipid components and the adaptive behavior of the Bayley-III developmental

score (n = 100) adjusted for mother’s age, body mass index and parity number of birth.

Description Compounds Description
(rt_m/z) Formula Category β estimate

(p-Value)

Bullatacinone 1.05_621.4340 C H O Fatty acid
0.247

(0.013)

9,12-octadecadiynoic acid 1.55_275.2061 C H O Fatty acid
0.285

(0.005)

16:1(5Z) 2.02_253.2221 C H O Fatty acid
−0.203
(0.037)

9,12-Octadecadiynoic acid can be a derivative from 9,12-octadecadienoic acid (linoleic acid), revealing triple bonds

at positions 9 and 12 of linoleic acid. So far, the biological function of 9,12-octadecadiynoic acid is still unclear. This

study utilized Caenorhabditis elegans (C. elegans) as a model to investigate how 9,12-octadecadiynoic acid

affected neurobehavioral development.

2. Effects of 9,12-Octadecadiynoic Acid Supplementation on
Neurobehavioral Indicators in Worms

Our study found that 9,12-octadecadiynoic acid was positively correlated with adaptive behavioral development,

which is a complex behavioral development in response to environmental demands. Adaptive behavioral

development is defined as the collection of conceptual, social and practical skills learned by people to enable them

to function in their everyday lives , implicating impact on children’s adaptive capacity to manage risks in unsafe
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environments. In C. elegans, adaptive behavioral development is an important response to either environmental or

internal physiological changes . Neuronal activity has been shown to interact with environmental adaptability that

extends further to adaptive behavioral development . Therefore, neurobehavioral indicators are crucial to reflect

the condition of the neural system, and the effect of 9,12-octadecadiynoic acid on neurobehavioral development in

C. elegans was further investigated.

To avoid the possible metabolic effects on 9,12-octadecadiynoic acid, we firstly examined the worm’s feeding

protocol, and confirmed the growth of worms from the L1 to L4 stage with the feeding of UV-killed E. coli OP50. To

identify whether 9,12-octadecadiynoic acid affected neuronal activity in C. elegans, locomotive behaviors were

evaluated by worm tracking, distance moved, body bends, head thrashes, moving speed and acceleration after

larval intake of 9,12-octadecadiynoic acid until young L4 stage. As shown in Figure 2, supplementation with 9,12-

octadecadiynoic acid using a dose of 0.1 μM significantly enhanced worms’ locomotive behaviors, but

supplementing with 9,12-octadecadiynoic acid doses above 1 μM resulted in the significant inhibition of their

locomotive behaviors. Interestingly, the spatial pattern of worm tracking with 0.1 μM 9,12-octadecadiynoic acid

supplementation revealed more complications than with other concentrations (Figure 2A).

Figure 2. Locomotion evaluation after larval intake of 9,12-octadecadiynoic acid. (A) Worm tracking, (B) moving

distance, (C) moving speed, (D) acceleration, (E) body bends and (F)head thrashes. Data (n = 30) were presented

as the fold value compared to the control group (mean ± SEM, * p < 0.05; ** p < 0.01; *** p < 0.001).

In addition, an adaptive response to environmental changes can be reflected in foraging activity . We further

detected the effect of 9,12-octadecadiynoic acid on foraging ability. A similar result was also observed for foraging

behavior; supplementary 9,12-octadecadiynoic acid promoted foraging activity at 0.1 μM, but this activity was

delayed at concentrations above 1 μM. Our results imply that a low concentration supplementation with 9,12-

octadecadiynoic acid in C. elegans potentially accelerated motor neuronal activity due to the enhancement of

neurobehavioral indicators in worms.

3. Effects of 9,12-Octadecadiynoic Acid Supplementation on
Aggregative Behavior in Worms

In worms, social interactions, such as aggregative behavior, can be regulated by sensory neurons that respond to

environmental stress and maintain survival . A family of small molecules, the ascarosides, play important roles

as chemical signals regulating aggregative behavior in worms. Therefore, we further investigated whether 9,12-

octadecadiynoic acid affected aggregative behaviors that are regulated by ascarosides in C. elegans. After larval

intake of 9,12-octadecadiynoic acid from the L1 to L4 stage, aggregative behavior in 20 worms was measured.

Although we observed that the aggregation number of worms was increased at high concentrations of

supplementary 9,12-octadecadiynoic acid, there was no statistically significant difference with 9,12-

octadecadiynoic acid supplementation (Figure 3A,B). It could be that sensory neurons are not importantly involved
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in 9,12-octadecadiynoic acid-regulated neurobehavioral development. Our results supported that supplementation

with 9,12-octadecadiynoic acid under 100 μM in C. elegans did not significantly affect aggregative behavior.

Figure 3. Aggregation behavior analysis after larval intake of 9,12-octadecadiynoic acid. (A) Aggregation behavior

of the worms exposed to different concentrations of 9,12-octadecadiynoic acid pretreatment. The data represent

the average of three independent experiments (mean ± SEM). (B) Aggregation of the worms (red arrow) on plates.

4. Supplementary 9,12-Octadecadiynoic Acid in Worms
Influences Serotonin Synthesis and Serotonin-Related Gene
Expression

There are four major neurons in C. elegans larvae, a pair of pharyngeal neurosecretory motor neurons, MSNs, and

a pair of chemosensory neurons, ADFs . According to our findings, supplementation with 0.1 μM 9,12-

octadecadiynoic acid in worms promoted locomotive behaviors. Motor neuronal activity, especially NSM, could be

regulated by supplementation with 9,12-octadecadiynoic acid. Serotonin (5-hydroxytryptamine, 5-HT), which is

synthesized in NSMs, belongs to a neurotransmitter group responsible for regulating food sensory activity in a new

environment . Therefore, we supposed that serotonin synthesis or serotonin-related gene expression in worms

may be affected by supplementing with 9,12-octadecadiynoic acid.
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After larval intake of 9,12-octadecadiynoic acid from the L1 to L4 stage, the distribution of serotonin is shown in

Figure 4A, and the fluorescence signals of serotonin were especially revealing in the pharyngeal area where

MSNs are located. The quantification of the serotonin fluorescence signals revealed the following: Although

supplementary 0.1 μM 9,12-octadecadiynoic acid enhanced locomotive behaviors, serotonin synthesis was not

increased (Figure 4B). We further detected the expression of tryptophan hydroxylases, cat-4 and tph-1, the key

enzymes for serotonin biosynthesis , and found that supplementation with 0.1 μM 9,12-octadecadiynoic acid did

not accelerate the levels of cat-4 and tph-1 (Figure 4C).

Figure 4. Effect of Effects of 9,12-octadecadiynoic acid on serotonin synthesis and serotonin-related gene

expression in C. elegans. (A) Analysis of serotonin (green) in C. elegans by immunohistochemistry staining. The

intensity of emitted fluorescence was quantified by using an Olympus confocal microscope as the (B) (mean ± SD,

* p < 0.05; ** p < 0.01). (C) Integrated gene serotonin-related expression profiles tested after larval intake of 9,12-

octadecadiynoic acid. Values of serotonin-related gene expression were normalized using actin mRNA and

represent means relative to the control (mean ± SD, * p < 0.05; *** p < 0.001).

Serotonin transporters, MOD-1 and MOD-5, facilitate the influence of locomotive behaviors in C. elegans via

modulating serotonin dynamics . To investigate how supplementary 0.1 μM 9,12-octadecadiynoic acid

affected locomotive behaviors, the expressions of mod-1 and mod-5 were also examined. Our results indicated that

only the level of mod-1 was significantly enhanced by supplementation with 0.1 μM 9,12-octadecadiynoic acid
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(Figure 4C). However, supplementation with 9,12-octadecadiynoic acid above 1 μM significantly decreased

serotonin synthesis and serotonin-related gene expression (Figure 4B,C). These results were similar to the effect

of 9,12-octadecadiynoic acid on locomotive behaviors and suggested that the neurosecretory motor neuronal

activity in worms is modulated by 9,12-octadecadiynoic acid-regulated serotonin dynamics. This finding implies that

9,12-octadecadiynoic acid significantly regulates locomotive behaviors, especially MSN. Therefore, MOD-1, a

serotonin transporters, is involved in 0.1 μM 9,12-octadecadiynoic acid-increased motor neuronal activity and alters

neural plasticity in locomotive behaviors.
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