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Introduction: Themicrobiological safety of donor milk (DM) is commonly ensured
by holder pasteurization (HoP, 62.5°C for 30 min) in human milk banks despite its
detrimental effects on several bioactive factors. We compared the concentration
of twelve endocannabinoid (eCB)-like mediators in raw DM and in DM after
holder pasteurization or high hydrostatic pressure processing (HHP, 350 MPa at
38°C), a non-thermal substitute for DM pasteurization.
Methods: We measured five N-acyl-ethanolamines (NAEs) and seven 2-mono-
acyl-glycerols (2-MAGs) in raw-DM, HHP-DM and HoP-DM using high-
performance liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS).
Results: HoP-DM and HHP-DM demonstrated comparable concentrations
compared with raw DM of 2-MAGs as well as for N-docosapentaenoyl-
ethanolamine (DHEA, an NAE). However, four other NAEs, including
N-arachidonoyl-ethanolamine (AEA), N-palmitoyl-(PEA), N-oleoyl -ethanolamine
(OEA) and N-linoleoyl-ethanolamine (LEA) were significantly increased by HoP.
Conclusion: Our study suggests that HHP-DM may more suitable than HoP-DM
to improve the development of preterm infants through the preservation of milk
eCB mediators at level close to their initial levels in raw DM.
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1 Introduction

Human milk is a nutritional fluid rich in lipids that provides a

large part of energy requirements for neonates up to 6 months of

age (1). Arachidonic acid is the most predominant long-chain

polyunsaturated fatty acid in human milk and is essential for infant

development (2). In addition to its direct biological effects, this

fatty acid also serves as a precursor of others classes of lipids such

as eicosanoids and endocannabinoids (eCBs) (3). The eCB system

includes the two ligands, i.e., N-arachidonoyl-ethanolamine

(anandamide, AEA) and 2-arachidonoyl-glycerol (2-AG), as well as

their main molecular targets, the cannabinoid receptors (CB1 and

CB2). However, several others congeners of AEA and 2-AG, such

as the N-acyl-ethanolamines (NAEs) and 2-mono-acylglycerols

(2-MAGs), which activate various non-cannabinoid receptors, have

also been identified. The signalling system including eCBs, eCB-like

molecules and their metabolic enzymes and molecular targets is

now referred to as the endocannabinoidome (eCBome) (4).

Although eCBome mediators have been identified in human milk

by several groups (5–7), there is still limited information published

defining their functions in infants. Recently, the association

between the profile of some eCBome mediators in human milk

and infant growth in the context of gestational diabetes has been

reported suggesting a role of this system in the control of body

growth postnatally (7). In adult rodents, eCBs have been shown to

play a key role in appetite and food intake by activating CB1 in the

central nervous system (8). In mouse pups, 2-AG, a potent CB1

agonist, has been shown to be implicated in the establishment of

the suckling response by activating the oral-motor musculature

behaviour needed for milk suckling (9, 10). The important role of

CB1 activation in the control of body growth in newborns was

further demonstrated by administration of a CB1 antagonist to

mouse pups, which resulted in drastic body growth restriction and

even death of pups eight days after birth (9). Thus, based on these

findings, breast milk eCBome mediators may be implicated in

infant suckling and postnatal development but also, as suggested in

experimental studies related to the eCB system, in other

physiological functions, including brain regulation of appetite

and energy metabolism, pain-perception (11) and neuronal

development (12).

Preterm infants have several immature organs such lung,

intestine as well as central and peripheral nervous systems that

expose them at risk of developing short- and long-lasting

diseases (13). In some circumstances, mothers of preterm infants

are not able to provide breast milk in sufficient quantity due to a

foreshortened period of preparatory lactogenesis. Then, when the

mother’s own milk is not available, donor milk (DM) is the

recommended alternative (14). Human milk banks (HMBs)

provide pasteurized DM as alternative for feeding these fragile

infants (14). Most HMBs pasteurize DM using the standard

method of Holder pasteurization (HoP) performed by heating

milk to 62.5°C for 30 min (15). However, in the last decade,

numerous studies have reported that HoP reduces numerous

important heat-sensitive bioactive compounds of DM such as

immunoglobulins, lactoferrin, some vitamins, lysozyme, the bile

salt-dependent lipase and several hormones (15–17). To prevent
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these alterations, new methods have been tested as an alternative

to HoP such as the high hydrostatic pressure (HHP) processing.

We and others have demonstrated that this non-thermal method

is able to pasteurize DM and to prevent the degradation of

almost all the important bioactive factors described previously to

be reduced by HoP (17–21).

In human milk, lipids are packaged as milk fat globules, with

unique fatty acid (FA) and triacylglycerol (TAG) profiles of a lipid

core covered by a membrane mainly composed of polar lipids

(22). Both HoP and HHP processing have been reported to alter

some lipids in DM. For example, Ten-Doménech et al. (23) found

that 289 lipids were significantly altered upon HoP and Tran et al.

(21) observed that 113 lipids of human milk were modulated after

a HHP processing of moderate intensity. As mammalian milk

eCBome mediators are composed of particular bioactive lipids (24,

25), these compounds may also be affected by the pasteurization

process of human milk. Thus, this study aims to evaluate the

effect of DM pasteurization using HoP or HHP processing on the

human milk concentrations of 12 eCBome mediators.
2 Materials and methods

2.1 Donor milk collection

The study protocol was approved by the ethics committee of

the Groupe Francophone d’Hépatologie, Gastroentérologie et

Nutrition Pédiatrique (2023-51). DM was collected from 11

volunteers in the regional HMB (Lactarium Régional de Lille,

Jeanne de Flandre Children’s Hospital, CHU Lille). All donors

were fully informed about the research study and provided their

written consent to participate.
2.2 Donor milk samples, HoP and HHP
treatment

After thawing of milk samples, 7 different batches of DM were

created under sterile conditions by mixing various volumes (from

10 to 30 ml) of all BM samples to homogenize DM composition

among batches. Three aliquots of milk samples were prepared

from each batch: one fraction was stored at −80°C without any

other treatment [raw milk (RM) sample]; one fraction was

subjected to HoP according to the standard pasteurization

protocol in our regional HMB (62.5°C for 30 min); the last

fraction was subjected to HHP processing as previously described

(20, 21). Briefly, the HHP parameters were as follows: 350 MPa

pressure, 38°C temperature, 1 MPa.s−1 VA (application rate),

4 cycles of 5 min each, and a latency time with normal pressure

between each cycle of 5 min. After HoP and HHP processing,

samples were stored at −80°C until analysis.
2.3 Analysis of eCBome mediators in
donor milk

High-performance liquid chromatography coupled to tandem

mass spectrometry (LC-MS/MS) was used to measure levels of
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NAEs and 2-MAGs in 50 ul in human milk sample (26). Briefly, For

the analysis of MAGs and NAEs, milk samples were thawed and

centrifuged (1,000 g; 10 min) to remove cellular debris, then

supernatants were diluted with water to a final MeOH

concentration of 10%, and maintained at pH 3 by the addition of

acetic acid. Samples were loaded on solid phase extraction

cartridges (Strata-X Polymeric Reversed Phase, 60 mg/1 ml,

Phenomenex). Cartridges were washed with 2 ml of acidified water

and lipids were eluted with 1 ml of MeOH. The eluates were

evaporated to dryness under a stream of nitrogen. Lipids then were

extracted from the denatured samples by adding 1 ml of

chloroform, vortexing for 1 min, and centrifuging at 4,000 g for

5 min without brakes. This was repeated three times. The organic

phases were collected, pooled, and evaporated to dryness under a

stream of nitrogen. For the quantification of MAGs, samples were

extracted as documented before (26). Samples were reconstituted in

25 µl of HPLC solvent A (H2O with 0.05% acetic acid and 1 mM

NH4+) and 25 µl of solvent B (MeCN/H2O, 95/5, v/v, with 0.05%

acetic acid and 1 mM NH4+). A 25 µl of aliquot was injected onto

an RP-HPLC column (Kinetex C8, 150 × 2.1 mm, 2.6 µm,

Phenomenex). Quantification was performed on a Shimadzu 8,050

triple quadrupole mass spectrometer. Quantification was achieved

by generating calibration curves using pure standards and analyzed

on the LC-MS/MS system three times.

The methods quantified five NAE mediators including:

N-palmitoyl–ethanolamine (PEA), N-oleoyl–ethanolamine

(OEA), N-linoleoyl–ethanolamine (LEA), N-arachidonoyl-

ethanolamine (AEA), N-docosahexaenoyl-ethanolamine (DHEA),

as well as seven 2-MAGs mediators including 2-palmitoyl-

glycerol (2-PG), 2-oleoyl-glycerol (2-OG), 2-linoleoyl-glycerol

(2-LG), 2-arachidonoyl-glycerol (2-AG), 2-eicosapenaenoyl-

glycerol (2-EPG), 2-docosapentaenoyl-glycerol (2-DPG) and

2-docosahexaenoyl-glycerol (2DHG). The data are presented as

2-MAGs but represent the combination of the 2- and 1(3)-

isomers because 1(3)-isomers are most likely generated from the

former via acyl migration.
2.4 Statistical analysis

Data are presented as mean ± SEM. Statistical analysis were

performed with GraphPad Prism 7.0. software (San Diego, USA).

Grubb’s test was used to detect any outliers. Normality of

variables was evaluated by a d’Agostino-Pearson test. Statistical

differences were then tested by Kruskal–Wallis (Dunn’s post-test)

according to sample normality assessment results. A P value

<0.05 was considered significant.
3 Results

3.1 Effects of HoP and HHP treatment of
DM on NAEs

Five NAE mediators were measured (Figure 1) namely PEA,

OEA, LEA, AEA and DHEA. HoP treatment of DM significantly
Frontiers in Pediatrics 03
increased the concentration of four NAEs including PEA (+23%,

Figure 1A), OEA (+42%, Figure 1B), LEA (+37%, Figure 1C) and

AEA (+55%, Figure 1D) compared to their levels in raw DM. In

contrast, HHP processing did not significantly affect the

concentration of these compounds compared to raw DM

(Figures 1A–D). DHEA concentration in DM was not affected by

either pasteurization method (Figure 1E).
3.2 Effects of HoP and HHP treatments of
DM on 2-MAGs

Seven 2-MAGs were measured (Figure 2), including:

2-palmitoyl-glycerol (2-PG, Figure 2A), 2-oleoyl-glycerol (2-OG,

Figure 2B), 2-linoleoyl-glycerol (2-LG, Figure 2C),

2-arachidonoyl-glycerol (2-AG, Figure 2D), 2-eicosapenaenoyl-

glycerol (2-EPG, Figure 2E), 2-docosapentaenoyl-glycerol

(2-DPG, Figure 2F) and 2-docosahexaenoyl-glycerol (2-DHG,

Figure 2G). The concentration of all of these 2-MAGs was

comparable between raw DM, HoP-DM and HHP-DM

(Figures 2A–G), demonstrating that human milk pasteurization

using these two methods did not affect MAG levels.
4 Discussion

In this study, we found a better preservation of some eCBome

mediators including four NAEs (AEA, PEA, OEA and LEA) in DM

after HHP compared to HoP-DM. We observed that the

concentrations of AEA, PEA, OEA and LEA was comparable in

HHP-DM compared to raw DM, whereas after HoP their

concentrations were significantly increased. We also found that

DHEA (another NAE) and the seven MAGs analyzed herein

were not affected by these two treatments of DM.

Arachidonic acid (ARA) is the most predominant long-chain

polyunsaturated fatty acid in human milk (2, 3). ARA serves as a

precursor to eCBs such as AEA, a neuromodulator activating the

CB1/CB2 receptors in the central nervous system and peripheral

tissues, and plays a key role in appetite and food intake (2–4). In

addition to AEA, the presence of other co-occurring eCB-like

metabolites (such as PEA, OEA, LEA, DHEA, 2-PG, 2-OG,

2-DHG and 2-EPG, which we also quantified in the present

study) was shown to exhibit cannabimimetic responses through

the enhancement of the activity of AEA (3–5). For instance, PEA

and OEA were shown to reduce enzymatic breakdown, cellular

uptake, and degradation of AEA (27). These metabolites may

interfere with enzymatic activity as they can also act as substrates

for catabolic and anabolic enzymes and thus in fine modulate

eCBome mediator activation or deactivation (27). Perhaps more

importantly, these eCBome mediators have their own molecular

targets, such as, for example, peroxisome proliferator-activated

receptor-α, transient receptor potential vanilloid type-1 channels

and G-protein-coupled receptor-119, all of which are directly or

indirectly involved in the control of food intake and body weight

(28). Although, the activation of the CB1 receptor was shown to

play a critical role in initiating milk suckling and in the control
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FIGURE 1

Concentrations of five NAEs in raw donor milk (RM) and after Holder Pasteurization (HoP) or High Hydrostatic Pressure (HHP) processing. (A) PEA, (B)
OEA, (C) LEA, (D) AEA and (E) DHEA levels. Boxplots include the median, lower/higher quartiles and 1.5 x inter-quartile range whiskers. Statistically
significant comparisons between HoP, HHP and RM conditions were made using Kruskal-Wallis with Dunn’s post-test: P < 0.05, *P < 0.01.
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of body growth during early stages of life (8–10), at present, there is

no full understanding of the roles of eCBs in human milk and

further studies are needed to unravel their precise biological roles

in infants.

In the present study, we did not observe that HoP and HHP

processing modulate milk ARA levels (data not shown), which is

the ultimate biosynthetic precursor of AEA and 2-AG. However,

AEA originates from a complex metabolism of ARA-containing

phospholipids (27–29). This biochemical pathway, with the

corresponding fatty acid precursors instead of ARA, is also

implicated in the biogenesis of PEA, OEA and LEA, which are

also increased similarly to AEA in HoP-DM compared to raw

DM and HHP-DM. Thus, we can postulate that HoP (treatment

at 62.5°C for 30 min) may have stimulated some enzymes

implicated in the biosynthesis of these NAEs. However, to our

knowledge, no data are available concerning the presence of

specific NAE biosynthesizing enzymes in human milk.

Conversely, we can also postulate that these specific NAEs are

more rapidly degraded in raw-DM and HHP-DM than in HoP-

DM, suggestive of a possible inhibitory effect of HoP on

catabolic NAE enzymes, which, again, have not been identified in

human milk. These biochemical hypotheses will necessitate

further ad hoc investigations. Yet, and in line with these
Frontiers in Pediatrics 04
hypotheses, HoP has been shown to alter numerous lipids in

human milk, although conflicting results have been reported

(21, 23, 30). Conversion of lipids, stimulation and/or inhibition

of some enzymes have been proposed to explain the deleterious

effects of HoP but no clear mechanisms have been demonstrated.

Vincent et al. (31) has proposed that the deleterious effects of

HoP could be attributed to the adherence of disrupted milk fat

globules to container surfaces and to whether or not thermal

treatment took place in the pasteurizer. Others studies have

shown that temperature, storage conditions and duration

drastically disturb the eCB metabolome in animal milk as well as

in human plasma/serum, suggesting that eCBome mediators are

highly sensitive to these factors (6, 32). For example, compared

to human milk stored at −20°C, Wu et al. (32) demonstrated

that milk stored at 4°C for one day exhibited dramatically

increased concentrations of AEA, PEA, OEA and LEA, which are

the NAEs also increased here in our HoP-DM samples. Thus,

the thermal effect of HoP may probably be implicated in the

differences between NAE concentrations observed in the present

study. Finally, unsaturated eCBome mediators are also affected

by non-enzymatic oxidative parameters (6, 32, 33). As the

duration of HoP processing is 30 min, we cannot rule out an

effect of oxidative stress on milk NAEs. In accordance with this
frontiersin.org
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FIGURE 2

Concentrations of seven 2-MAGs in raw donor milk (RM) and after Holder Pasteurization (HoP) or High Hydrostatic Pressure (HHP) processing.
(A) 2-PG, (B) 2-OG, (C) 2-LG, (D) 2-AG, (E) 2-EPG, (F) 2-DPG and (G) 2-DHG levels. Boxplots include the median, lower/higher quartiles and 1.5 x
inter-quartile range whiskers. Statistically significant comparisons between HoP, HHP and RM conditions were made using Kruskal-Wallis with
Dunn’s post-test. No statical differences were found between experimental conditions.
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hypothesis, we demonstrated in a recent study (34) that HoP

treatment of DM significantly reduced the concentrations of γ-

tocopherol, a powerful antioxidant, compared to raw-DM and

HHP-DM, suggesting that the antioxidant capacity of HoP-DM

is significantly reduced.

In sum, our data show that HoP-DM, which is routinely

produced by HMBs for the feeding of preterm infants, contain

higher levels of several eCBome mediators than HHP-DM. This

finding raises now the following question: can these changes be

harmful in preterm infants? In addition to the previously

described CB1 receptor-mediated effects of eCBome mediators

on infant suckling and appetite regulation, other physiological

roles, due to the interaction with non-cannabinoid receptors,

could also be affected such as, in pain-perception, neuronal

development, energy metabolism or intestinal homeostasis, as

milk eCBome mediators reach the gut first.

In preterm newborns, the intestine is a very vulnerable organ

due to its weak intestinal barrier integrity (involved in mucus

production, epithelial permeability as well as in gut immunity)

(35, 36). Early intestinal alterations can lead to sepsis and

necrotizing enterocolitis, one of the most prevalent and

devastating inflammatory gastrointestinal disorders affecting 1%–

12% of preterm infants (35, 36). The eCBome is known to play

roles in immunity, inflammation, and in the interactions

between microbiota and the host (37–39). For example, when

the eCB system is activated, a disruption of the gut barrier, a

low-grade inflammation and an increased adipogenesis are
Frontiers in Pediatrics 05
observed (37, 38). The increased gut permeability leads to the

passage of lipopolysaccharides in the bloodstream, which further

deranges gut barrier integrity, gut inflammation, thus finally

affecting both the eCBome and other signalling systems not only

in the intestine but also in the adipose tissue and other distal

organs including the brain (37, 39–41). Collectively, our present

data provide an additional way through which eCBome

mediators, gut microbiota, adipose tissue development and

intestinal function may interact in infants. In fact, we cannot

rule out that the higher levels of some eCBome mediators in

HoP-DM may have more marked deleterious effects on the

immature intestine of preterm infants than HHP-DM but

further clinical studies are needed to explore this hypothesis.

To conclude, compared to HoP, our HHP protocol allows a

higher preservation of some major milk eCBome mediators that

are bioactive lipids critical for the early postnatal development.

Although future studies are needed to better understand the roles

of these mediators in human milk, our study suggests that HHP-

DM may be more suitable than HoP-DM to preserve the original

composition of breast milk including the eCBome mediators.
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