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Abstract: Nervonic acid (24:1 n-9, NA) plays a crucial role in the development of white matter, and it
occurs naturally in human milk. This study aims to quantify NA in human milk at different lactation
stages and compare it with the NA measured in infant formulae. With this information, optimal
nutritional interventions for infants, especially newborns, can be determined. In this study, an absolute
detection method that uses experimentally derived standard curves and methyl tricosanoate as
the internal standard was developed to quantitively analyze NA concentration. The method was
applied to the analysis of 224 human milk samples, which were collected over a period of 3-30 days
postpartum from eight healthy Chinese mothers. The results show that the NA concentration was
highest in colostrum (0.76 + 0.23 mg/g fat) and significantly decreased (p < 0.001) in mature milk
(0.20 £ 0.03 mg/g fat). During the first 10 days of lactation, the change in NA concentration was
the most pronounced, decreasing by about 65%. Next, the NA contents in 181 commercial infant
formulae from the Chinese market were compared. The NA content in most formulae was <16% of
that found in colostrum and less than that found in mature human milk (p < 0.05). No significant
difference (p > 0.05) was observed among NA content in formulae with different fat sources. Special
attention was given to the variety of n-9 fatty acids in human milk during lactation, and the results
indicated that interindividual variation in NA content may be primarily due to endogenous factors,
with less influence from the maternal diet.
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1. Introduction

Human milk is generally regarded as the best source of nutrition for infants during their first six
months of life [1]. Human milk contains 3%-5% fats, of which 98%-99% are triacylglycerols (TAGs),
0.26%-0.80% are phospholipids (PLs), and 0.25%—-0.34% are sterols, as well as trace amounts of minor
components, including monoacylglycerols (MAGs), diacylglycerols (DAGs), non-esterified fatty acids,
and other substances [2]. Human milk fat is one of the most complex natural lipids with a unique fatty
acids (FAs) composition. Nervonic acid (24:1 n-9, NA) is a very-long-chain monounsaturated fatty acid
(>Cyp) that naturally occurs in human milk (less than 2%) [3], but it has been rarely studied in the field
of human nutrition.

NA is an essential constituent of the neuronal membrane [4] and plays a crucial role in problems
such as early myelination [5], peroxisomal disorders [6,7], and undernourishment [8]. NA rapidly
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accumulates in the fetal brain at 32-37 weeks’ gestation [9]. After birth, infants continue to obtain
NA from human milk. Several publications have indicated that the NA concentration in human milk
markedly decreases as lactation stages progress [10-12]. NA concentrations in colostrum (<1 week
postpartum) have been found to range from two- to six-fold higher than those in mature milk (>2 weeks
and <16 weeks) [13,14]. The results suggested that the human brain heavily accumulates NA in
the early days of life. Previous research identified that NA is an important fatty acid in the white
matter and its deficiency in early development may damage the white matter [15]. The cause of the
majority of preterm infants with cerebral palsy is mainly attributed to white matter diseases, such as
periventricular leukomalacia [16,17].

The NA concentration in human milk is not routinely reported because NA quantitation is
obscured by more abundant very-long-chain fatty acids when expressed percentage by weight of total
fatty acids in gas chromatography (GC) analyses [18]. However, previous studies report that NA is
detectable in human milk from different countries of the world, and a significantly higher NA content
is present in colostrum compared to mature milk [11-13,19-21]. Very few data are available on the
quantification of nervonic acid in human milk especially the amount in each lactation day.

The NA content in common vegetable oils is low, therefore infant formulae have much lower
NA content compared with human milk [3], especially colostrum. However, relatively little attention
has been paid to NA in infant formulae [22]. NA, together with docosahexaenoic acid (22:6 n-3,
DHA) and arachidonic acid (20:4 n-6, AA), has a positive effect on the neural development of the
neonate [23]. Nonetheless, the importance of DHA and AA in infant formulae have attracted researchers’
attention [9,24,25], whereas few studies focus on the effect of NA in human milk and the comparison
with infant formula which is potentially important.

This study aimed to develop an effective method for the quantification of NA concentration in
human milk and systematically compare the NA concentration in human milk on different lactation
days. The NA contents in infant formulae from three fat sources (cows’ milk fat, goats’ milk fat,
and plant oil) were also studied. Special attention was given to the variation of three other n-9 FAs,
including oleic acid (18:1 n-9, OA), eicosenoic acid (20:1 n-9, EiA) and erucic acid (22:1 n-9, EA),
in human milk throughout lactation.

2. Materials and Methods

2.1. Standards and Chemicals

A standard mixture of 37 kinds of fatty acid methyl esters (FAMEs, from Cy4 to Cp4) was bought
from Sigma-Aldrich (St. Louis, MO, USA). The standards methyl cis-15-tetracosenoate (24:1 n-9 FAME)
and methyl tricosanoate (23:0 FAME), methanol, and n-hexane (HPLC grade) were obtained from J
and K Scientific (Beijing, China). Other reagents were analytical grade and purchased from Sinopharm
Reagent Co. Ltd. (Shanghai, China).

2.2. Human Milk Samples and Infant Formulae

Human milk samples were collected from eight healthy mothers of term infants in Wuxi, China.
The study was approved by the Ethics Committee of the School of Food Science and Technology in
Jiangnan University (JN No. 21212030120), and written consent was obtained from all subjects included
in this study. During the lactation period from 3 to 30 days postpartum, 224 human milk samples were
collected. The sample-set included colostrum (3-6 postpartum days, n = 32), transitional milk (7-14
postpartum days, n = 64), and mature milk (>15 postpartum days, n = 128). All participating mothers
were non-smokers, non-medicated, and healthy. The mean age of the mothers was 28.38 + 3.16 years,
mean BMI was 21.78 + 2.75 kg/m?, and mean infant weight at birth was 3.35 + 0.23 kg. The samples
(5-10 mL) were collected after full expression from one breast with a breast pump between 9 and 11 am.
The samples were stored at —20 °C for less than 2 h and transferred to the lab at Jiangnan University
for lipid extraction.
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The fatty acid composition of infant formulae is reported in a previous study [3]. A total of
181 formulae from 27 brands were collected; the tested formulae account for 75% of the Chinese
infant formulae market. Three stages (infant, follow-on, and growing-up) of formulae were included.
The formulae were divided into cows’ milk, goats’ milk, and plant oil, depending on the main fat source.

2.3. Fatty Acid Methyl Esters Preparation

Total lipids in human milk were extracted by classic R6se-Gottlieb method [26] with some
modifications. Briefly, 1 mL ammonia water was added into 4 mL human milk, and then mixed in
a water shaking bath at 65 °C + 5 °C for 20 min. Then, 5 mL absolute ethanol, 10 mL absolute ether
and 10 mL petroleum ether were added to extract the lipids. The samples were mixed thoroughly and
stood for 2 h, and then the supernatants were collected. The lipids in the lower phase were extracted
using half of the solvents as above. The solvents were removed by nitrogen and the lipids were stored
in a =80 °C freezer until analysis.

The 24:1 n-9 FAME standard was prepared at a concentration of 0.5 mg/mL dissolved in n-hexane.
The internal standard solution was prepared by weighing 10 mg of 23:0 FAME into 10 mL of n-hexane.
Milk fat (40 mg) was suspended in 200 pL of the internal standard solution, 800 pL n-hexane, and 500 uL
of KOH-CH3;0H (2 mol/L). After mixing for 2 min, the water in the solution was removed by adding
the appropriate amount of anhydrous sodium sulfate. Then, the mixture was mixed thoroughly and
left standing for half an hour. The supernatant was filtered by a 0.22 um filter and analyzed by gas
chromatography (GC).

2.4. GC Analysis

The samples were analyzed by an Agilent 7820A gas chromatograph (Agilent Technologies,
Santa Clara, CA, USA) with a hydrogen flame ionization detector, and they were separated by
a TRACE™_FAME capillary column (60 m X 0.25 mm X 0.25 um, Thermo Fisher Scientific, Waltham,
MA, USA) using nitrogen carrier gas [27]. The injection and detector temperature were set at 250 °C,
and the injection volume was 2 puL. The temperature of the column was set at 60 °C for 3 min to start
and then increased to 175 °C at a rate of 5 °C/min. The temperature was maintained at 175 °C for 15 min
and then raised (at a rate of 2 °C/min) to 220 °C, which was maintained for 10 min. FAs were identified
by comparing the retention times of the sample peaks with those of the FAME standards. The NA
concentration was measured by the absolute detection method, with 23:0 FAME as an internal standard.

2.5. Quantitation of Nervonic Acid

In the first step, a series of standard solutions that contained varying concentrations of 24:1 n-9
FAME and an identical amount of 23:0 FAME were injected. The calibration line was constructed using
Equation (1):

y=ax+b (1)

where y is the ratio of the peak area of 24:1 n-9 FAME to that of 23:0 FAME, 4 is the slope of the
calibration curve, x is the ratio of the weight of 24:1 n-9 FAME to that of 23:0 FAME and b is the intercept
of the calibration curve.

The NA concentration in human milk fat was calculated using Equation (2), with 23:0 FAME as
the internal standard.

C:(——b)xmox%xvlvxﬂ )

where C is the concentration of NA in human milk fat (mg/g fat), A; is the peak area of 24:1 n-9 FAME,
Ay is the peak area of 23:0 FAME, my is the weight of the internal standard/mg, W is the weight of
human milk fat in the test sample/g, and F; is the transformation coefficient of 24:1 n-9 FAME to NA.
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2.6. Validation of the Method

The following parameters (precision, recovery rate, and limits of detection and quantification)
were used to validate this method based on the guidance of the United States Pharmacopeia (USP) [28].
For the precision test of the method, the same homogeneous sample was analyzed three times in
one day to obtain the intra-day precision and in three different days to obtain the inter-day precision.
The precision was described as peak area and retention time relative standard deviations (RSDs) [29].
The recovery of the methods was measured using three levels of concentration of standard solution
that were added into three identical human milk samples, and no standard was added into the fourth
sample. The rate was calculated by the detected concentration of NA standard divided by the actually
added concentration. The limits of detection and quantitation were defined as three times and ten
times of signal to noise ratio, respectively [30].

2.7. Statistical Analysis

All analyses of human milk were performed in duplicate. The results were expressed as means
(%) + standard deviations (SD) and were calculated using the SPSS 19.0 (SPSS, USA). Differences in
NA concentration were tested by one-way analysis of variance (ANOVA) for continuous variables.
Two-way ANOVA was used to evaluate the effect of fat sources and stages on the n-9 FA composition
of infant formulae. Differences among all results were compared by use of Ducan’s test at p < 0.05.
Pearson’s correlation test was used to determine the correlation coefficient between NA concentration
and lactation days. Principal component analysis (PCA) was used to determine the differences in NA
content in three lactation stages of human milk and three stages of infant formulae using SIMCA-P
software version 13.5 (Demo Umetrics, Umea, Sweden).

3. Results

3.1. Nervonic Acid Concentration in Human Milk

In this study, to accurately quantify the NA concentration in human milk, a long GC program
with an analysis time of 70 min was applied, and a FAME with a similar molecular structure (23:0) was
added to the sample as an internal standard [31]. The gas chromatograms of NA in human milk are
shown in Figure 1.
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Figure 1. Gas chromatography (GC) of total fatty acids (a) and very-long-chain fatty acids (b) in one
colostrum human milk. 1, tricosanoicacid (23:0); 2, docosatetraenoic acid (22:4 n-7); 3, docosapentaenoic
acid (22:5 n-6); 4, nervonic acid (24:1 n-9, NA); 5, docosapentaenoic acid (22:5 n-3); 6, docosahexaenoic
acid (22:6 n-3).



Nutrients 2019, 11, 1892 5o0f 14

The calibration line of this method was defined by y = 0.733x + 0.7417 (R? = 0.9944) showing
a good linearity [32]. The calibration lines of 24:1 n-9 and 23:0 were y = 9.47 x 10°x (R? = 0.9938) and
y = 9.59 x 10°x (R? = 0.9965), respectively. The precision measured the dispersion degree between
the tested results of the same sample under the same condition [29]. Both the intra-day and inter-day
RSD% on the retention times were lower than 0.01%, and the intra-day and inter-day RSD% on the
peak areas were lower than 0.02% and 0.18%, respectively. The recovery rate of the method ranged
from 95% to 103%, which met the advisable international level of 80% to 115% [33]. The detection
limits ranged from 1.34 pg/mL for NA to 3.25 pg/mL for 23:0 FAME and the quantitation limits ranged
from 3.11 pg/mL to 5.36 ng/mL for NA and 23:0 FAME, respectively.

The NA concentrations in human milk are presented in Table S1. The NA concentration in all
human milk samples decreased significantly (r = —0.822, p < 0.001) during the first month of lactation.
The average NA concentration on day three of lactation was about five times higher than that on day
30 (p < 0.001), with values of 1.00 + 0.24 mg/g and 0.18 + 0.03 mg/g fat, respectively. No significant
difference was observed in the NA concentration in human milk obtained after 15 days of lactation.
The concentration of NA was highest in colostrum (0.76 + 0.23 mg/g fat) and lowest in mature milk
(0.20 + 0.03 mg/g fat), decreasing by 82% in the first month of lactation. Figure 2 illustrates the changing
trend of the mean values of NA concentration in human milk in the first month of lactation.
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Figure 2. Nervonic acid concentrations in human milk throughout the first month of lactation.

Besides changes between lactation stages, there were significant interindividual differences in NA
concentration. The differences were more pronounced from three to 15 days and marginally significant
(p > 0.05) after day 15 of lactation. At three days postpartum, there was a two-fold variation in NA
in the milk from the eight mothers, with values ranging from 0.72 to 1.44 mg/g fat. The differences
between individuals decreased over time during the study period. During days 26-30 of lactation,
the NA concentration varied from 0.15 mg/g fat to 0.22 mg/g fat, with a 0.07 mg/g fat difference.

3.2. Composition of n-9 Fatty Acids in Human Milk

In this study, four kinds of n-9 FAs (OA, EiA, EA, and NA) were detected in human milk samples.
Changes in n-9 FA composition in human milk during the first month of lactation are shown in
Figure 3. OA, whose percentage ranged from 30.23% to 33.86% of total FAs, was the predominant FA
in human milk. During lactation, no significant difference was observed in OA content in human milk
(Figure 3A). Contrary to the observed consistency of OA, there were significant changes (p < 0.05) in
the percentage of EiA (from 0.17% to 0.06%) and NA (from 0.21% to 0.04%) as the milk progressed from
colostrum to transitional milk and from transitional milk to mature milk (Figure 3b,d). Particularly,
the NA percentage varied in the range of 0.18%-0.21% in colostrum and decreased to 0.12%-0.17% in
transitional milk and 0.04%-0.10% in mature milk. The EA content decreased from 0.19% to 0.11% of
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the total FA content from the first to third lactation stage, but the discrepancies were less significant
between transitional milk and mature milk (Figure 3c).
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Figure 3. Changes in n-9 fatty acids including 18:1 n-9 (a), 20:1 n-9 (b), 22:1 n-9 (c), and 24:1 n-9 (d) in
human milk during the first month of lactation. Significantly different from colostrum, transitional
milk, and mature milk: *** p < 0.001; ** p < 0.01. No labeling indicates no significant differences.

3.3. Composition of n-9 Fatty Acids in Infant Formulae

A total of 181 infant formulae were analyzed, and 97 (53.59%) were found to contain NA. The n-9
FA composition of 97 infant formulae are presented in Table 1. The infant formulae were divided into
three stages (infant formula, follow-on formula, and growing-up formula) and three sources (cows’
milk formula, goats” milk formula, and plant-oil formula). There was a significant difference in fat
sources of OA (p < 0.001), EiA (p < 0.001), and EA (p < 0.01) among different formulae. There were no
significant differences in sources of NA (p > 0.05). The n-9 FA composition was not affected by the
formulae stages or the interaction between fat sources and stages (p > 0.05). It is recommended that
EA content in infant formulae be below 1% of the total fat content [34]. It is noteworthy that infant
formulae have much lower concentrations of NA compared with human milk. The NA content of

most formulae (0.02% + 0.02%) was about <16% of that in colostrum (0.20% + 0.04%) and less than
from that found in mature milk (0.08% =+ 0.04%).
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Table 1. n-9 Fatty acid composition (wt%) of infant formulae.

7 of 14

. CMF GMF POF p-Value
Fatty Acids
(n = 30) (n=16) (n=51) F S FxS
18:1n9 IF 32.15 + 5.06 2 34.81 + 5.66 &P 40.74 + 8.32b #+ NS NS
FF 30.65 + 5.95 2 30.15 + 5.28 2 4161 +6.11P
GF 31.76 £ 5.09 2 29.66 + 6.50 @ 40.89 +7.31b
20:1n9 IF 0.23 + 0.09 0.29 + 0.09 0.31 £ 0.10 =+ NS NS
FF 0.17 £0.102 0.24 + 0.09 &b 0.33 £0.09°
GF 0.13+0.042 0.21+0.072 0.30 £ 0.09 P
2:1n9 IF 0.04 + 0.04 0.06 + 0.04 0.04 + 0.03 #* NS NS
FF 0.03 + 0.03 0.05 + 0.03 0.05 + 0.03
GF 0.01+£0.012 0.04 £ 0.03 2b 0.05 £ 0.04°
241n9 IF 0.03 +0.13 0.03 + 0.02 0.03 + 0.02 NS NS NS
FF 0.02 +0.002 0.02 +0.012 0.03+0.01°
GF 0.02 £ 0.01 0.02 + 0.01 0.03 £ 0.01

CME, cows’ milk formula; GMF, goats” milk formula; POF, plant-oil formula; IF, infant formula; FE, follow-on
formula; GF, growing-up formula. F, fat source; S, stage. Different superscript lowercase letters indicate significant
differences (p < 0.05) with a row. *** p < 0.001; ** p < 0.01. NS, p > 0.05.

4. Discussion

NA occurs naturally in human milk; however, it has not been routinely reported in the global
FA profile of human milk [18]. The main reason for its frequent omission is that the concentration
of NA in human milk is low, and its retention time is similar to several polyunsaturated fatty acids
(PUFAs). These factors make the quantitation of NA very difficult. In this study, 23:0 FAME was used
as an internal standard to quantify NA concentration in human milk fat. In general, the validation of
the method for the quantification of NA in human milk indicated that the method parameters” were
well within internationally accepted limits.

The NA concentration significantly decreased (p < 0.05) with the progression of lactation days.
Furthermore, the NA level decreased markedly during the first 10 days then decreased slowly after
15 days. The fat contents of human milk increased during lactation (Table S2). As shown in Table 2,
the NA contents in human milk from mothers in different geographical regions and at different lactation
stages were summarized. Most of the studies show a significantly higher NA content in colostrum
compared to mature milk [11-13,19,20]. This study indicates the concentration of NA in colostrum was
three times higher than that in mature milk, which is similar to Hua et al. [19] and Rueda et al. [20].
The results of the NA concentration in human milk during the three stages (colostrum, transitional
milk, and mature milk), were similar to those found by Xiang [35]. Other publications show ten times
higher NA content in colostrum compared to mature milk [11,12]. However, there are also a few
publications that report the NA concentrations decrease from 0.35 to 0.27 mg/g of human milk, with no
significant difference between colostrum and mature milk [36].

There are some discrepancies between studies, as shown in Table 2. The percentage of NA in
human milk from individuals in Wuxi ranged from 0.06% to 0.20%. This result is marginally different
from the values from several previous studies, which have reported values ranging from 0.19% to
0.99%. The difference could be due to analytical methods, as well as individuals from different locations
and the lactation day. Further studies on the absolute detection of NA concentration from different
countries and the correlation with maternal diet are needed.
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Table 2. Mean value of nervonic acid (wt%) in human milk from individuals in different regions.

Regions Colostrum Transitional Milk Mature Milk References
Wuxi, China 0.20 (3-6d) 0.15 (7-14 d) 0.06 (15-30 d) This study
Taiwan, China 0.99 (1-6 d) - 0.28 (2 m) Hua et al. [19]
Switzerland 0.39 (1 week) 0.13 (2 weeks) 0.07 (3-8 weeks) Thakkar et al. [13]
Beijing, China 0.54 (44d) - 0.25 (30 d) Zhao et al. [14]
Thailand - - 0.06
Korean ] 0.7 ) Golfetto et al. [37]
Bangladeshi - - 0.20 Yakes et al. [38]
Northern Sudanese 0.19 0.15 0.02 Nyuar et al. [11]
Wenzhou, China 0.45 - -
’ P tal. [39
Changzhou, China 0.25 - - eng etal. [39]
Shanghai, China - 0.08 0.05
Guangzhou, China - 0.06 0.06
Nanchang, China - 0.12 0.11 Jing et al. [40]
Harbin, China - 0.06 0.04
Hohhot, China - 0.21 0.19
Granada, Spain 0.28 0.08 0.07 Sala-Vila A et al. [21]
Congolese - - 0.04 Rocquelin et al. [41]
Panama 0.32 0.16 0.10
Spain 0.24 0.17 0.10 Rueda etal. [20]
Dominica - - 0.05 Beusekoma et al. [42]
Saint Lucia 041 0.11 0.04 Boersma et al. [12]
Belize - - 0.06 -
Dominica i i 0.02 Cheristien et al. [43]

Dietary habits differ among regions and can cause internal physiological differences [44]. Jing and
co-workers determined the NA content of transitional milk and mature milk from five regions
(Shanghai, Guangzhou, Nanchang, Harbin, and Hohhot) of China, and the content in Hohhot was
highest, regardless of whether the sample was transitional milk or mature milk [40]. Diets containing
NA were fed to lactating rats, and the NA in the diet influenced the NA concentration in the animal’s
milk [45]. Although it is rare for NA to be provided by a typical diet, earlier studies have reported
that dietary OA and EA influence the nervonic acid content in humans [46]. Lactating women are
able to synthesize NA by carbon chain elongation with enzyme catalysts [47]. The large variation in
NA concentration in the milk of human mothers from different regions may reflect differences in the
mothers’ diets [48].

There are differences in the diets of lactating mothers around the world that can account for the
NA concentration differences between individuals. Additionally, the individual variation may also be
related to maternal age [49], and Body Mass Index (BMI) [50]. However, in this study and previous
studies, the NA concentration in all samples had a downward trend throughout the entire lactation
period. This consistency, despite regional differences, indicates that the decline in NA content in
human milk is more likely to be influenced by an endogenous factor [51] than a dietary habit.

The amounts of DHA and AA in human milk, similarly to NA, had a decreasing trend over the
lactation period (Table S3). This has been attributed to the genes that encode delta (5)- and delta
(6)-desaturases and their effect on the proportions of these FAs in human milk [52]. The DHA and
AA precursors linolenic acid (18:3 n-3, ALA) and linoleic acid (18:2 n-6, LA) increase in parallel [53].
The hypothetical pathways of n-9 FAs metabolism are shown in Figure 4. NA is synthesized from OA
by elongation. The OA content measured in this study (30.23%-33.86%) was in accordance with Qi’s
results (30.66%-32.71%) [27], but inconsistent with Weiss’s study (43.96%—48.21%) [53]. OA content
was stable in this study, which was contrary to the study by Lopez-Lopez et al., who claimed that
OA content decreased as lactation progressed [54]. Additionally, the percentage of EiA, EA, and NA
decreased with the progression of lactation, which agreed with the results obtained by Nyuar et al. [11].
In general, the amount of OA was stable over time, and the other precursors, EiA and EA, decreased
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during the same period, which differs from the precursors of DHA or AA. The mechanism by which
genes regulate the metabolism of n-9 FAs remains unclear and needs further study. In human milk,
OA is the richest FA and serves as a structural component. It can be assumed that the OA content
might be sufficient to synthesize NA and other n-9 FAs.

Stearic acid (18:0)
‘ A-9 desaturase
Oleic acid (18:1 n-9)
i Elongase
Eicosenoic acid (20:1 n-9)
‘ Elongase
Erucic acid (22:1 n-9)
‘ Elongase

Nervonic acid (24:1 n-9)

Figure 4. Hypothetical pathway for the synthesis of nervonic acid in infants.

It has been demonstrated that infants have the capacity to convert ALA and LA to DHA and
AA, respectively, and that elongases and desaturases have activity in the first week after birth [55].
However, the ability of infants to synthesis FAs is weak, and the amount of DHA formed from ALA
is inadequate to support brain development [56]. For the optimal development of an infant’s brain,
a sufficient amount of NA, DHA, and AA is necessary for newborns.

Human milk is a rich source of NA compared with commercial infant formulae. In the 118
collected infant formulae samples, only 53.59% contained NA. The PCA revealed differences of NA
content between human milk (including colostrum, transitional milk, and mature milk) and infant
formulae (Figure 5). A significant distinction of NA content was observed between human milk and
infant formula (p < 0.05). NA content in the three-stages (colostrum, transitional milk, and mature milk)
of human milk differs obviously (p < 0.05). However, there is no significant difference of NA content in
the three types (infant, follow-on, growing-up) of infant formula. Most NA-containing formulae had
NA concentrations that were <16% of that measured in colostrum. NA content in formulae needs to be
enhanced urgently for term newborns and especially for preterm newborns. It has been reported that
the NA concentration in preterm milk is seven-fold higher compared to that in milk from mothers with
full-term babies at a similar stage of lactation [9].
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Figure 5. Principal component analysis of stage difference in the NA content in human milk (1, colostrum;
2, transitional milk; 3, mature milk) and infant formulae (1, infant formula; 2, follow-on formula;
3, growing-up formula).
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The NA level is considered to reflect brain maturation, and its accumulation in the brain is a sign
of the onset of myelinogenesis [57]. Newborns who cannot be breastfed fail to get sufficient levels
of NA from infant formulae. Long-term NA deficiency will hamper the development of the nervous
system and cause visual impairment [58]. Supplying dietary lipids to stimulate the synthesis of n-9
FAs has been advised to support myelination in newborns [23]. Thus, infant formulae need to enhance
their NA content to match the NA content in human milk. This applies to formulae for full-term
infants, and it is especially the case for preterm infants.

NA content in formulae was not related to fat sources or stages. However, the differences observed
between other n-9 FAs in infant formulae were particularly influenced by fat sources. The current
formula fat sources (generally used cow milk fat, goat milk fat, and vegetable oils) contain no or trace
amount of NA. NA has been found in some plant species [59] for example Malania oleifera [60] and
Lunaria annua [61]. However, oils of these plants are rarely developed and used in infant formulae
because of their high EA content. It has been demonstrated that the heart may be damaged by EA,
and EA is undesirable for human consumption [62]. It is necessary to explore the effect of NA as well
as different forms (FA, TAG or PLs) for the optimal brain development of infants.

5. Conclusions

The NA concentration was at its highest at the onset of lactation, with an overall decrease of 82%
throughout the 3-30 days postpartum study period. The concentration dropped at a faster rate in the
first 10 days and then flattened out. Thus, it is crucial for infants, especially preterm infants, to get
enough NA within the first ten days of lactation. The NA concentration differs between breastfeeding
mothers, in part because of the regions in which they live. Further studies are needed to clarify the
NA biosynthetic system in infants. Most of the 97 infant formulae in which NA was detected had less
than 16% of the NA content in colostrum. There were significant differences between the fat sources
of OA, EiA, and EA in the formulae, but this was not the case for NA. The effect of the stages or the
interaction between sources and stages on infant formulae FA composition was not obvious. Because
of the low level of NA found in infant formulae, it is suggested that the NA content in infant formulae
for newborns be increased. Further work is also warranted to identify the best form of NA for infants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/8/1892/s1,
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(%, wt) in human milk during the lactation days.

Author Contributions: Data curation, X.Z.; formal analysis, Q.J.; methodology, T.Y.; project administration, W.W.;
supervision, X.W.; writing—original draft, J.Y.

Funding: This research was funded by the National Natural Science Foundation of China, grant number 31701558.
The APC was funded by the Young Elite Scientists Sponsorship Program by the China Association for Science and
Technology (CAST), grant number 2017QNRCO001.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (grant
number 31701558) and the Young Elite Scientists Sponsorship Program by CAST (grant number 2017QNRC001).
The authors particularly thank L. Ding from Wuxi Wanyi Infant Care and mothers who volunteered to contribute
human milk.

Conflicts of Interest: The authors declare no competing financial interest.

References

1. Cheong, L.Z,; Jiang, C.Y.; He, X.Q.; Song, S.; Lai, O.M. Lipid Profiling, Particle Size Determination, and in
Vitro Simulated Gastrointestinal Lipolysis of Mature Human Milk and Infant Formula. J. Agric. Food Chem.
2018, 66, 12042-12050. [CrossRef] [PubMed]

2. Wei, W,; Jin, Q.; Wang, X. Human milk fat substitutes: Past achievements and current trends. Prog. Lipid Res.
2019, 74, 69-86. [CrossRef] [PubMed]


http://www.mdpi.com/2072-6643/11/8/1892/s1
http://dx.doi.org/10.1021/acs.jafc.8b03998
http://www.ncbi.nlm.nih.gov/pubmed/30362342
http://dx.doi.org/10.1016/j.plipres.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30796946

Nutrients 2019, 11, 1892 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Sun, C.; Zou, X;; Yao, Y.; Jin, J.; Xia, Y.; Huang, J.; Jin, Q.; Wang, X. Evaluation of fatty acid composition in
commercial infant formulas on the Chinese market: A comparative study based on fat source and stage. Int.
Dairy J. 2016, 63, 42-51. [CrossRef]

Amminger, G.P,; Schaefer, M.R.; Klier, C.M.; Slavik, ].M.; Holzer, I.; Holub, M.; Goldstone, S.; Whitford, T.J.;
McGorry, P.D.; Berk, M. Decreased nervonic acid levels in erythrocyte membranes predict psychosis in
help-seeking ultra-high-risk individuals. Mol. Psychiatry 2012, 17, 1150-1152. [CrossRef] [PubMed]
Kinney, H.C.; Brody, B.A.; Kloman, A.S.; Gilles, EH. Sequence of central nervous system myelination in
human infancy. II. Patterns of Myelination in Autopsied Infants. J. Neuropathol. Exp. Neurol. 1988, 47,
217-234. [CrossRef] [PubMed]

Moser, A.B.; Jones, D.S.; Raymond, G.V.; Moser, H.W. Plasma and red blood cell fatty acids in peroxisomal
disorders. Neurochem. Res. 1999, 24, 187-197. [CrossRef] [PubMed]

Moser, A.B.; Kreiter, N.; Bezman, L.; Lu, S.; Raymond, G.V.; Naidu, S.; Moser, HW. Plasma very long
chain fatty acids in 3000 peroxisome disease patients and 29,000 controls. Ann. Neurol. 1999, 45, 100-110.
[CrossRef]

Yeh, Y.Y. Long chain fatty acid deficits in brain myelin sphingolipids of undernourished rat pups. Lipids
1988, 23, 1114-1118. [CrossRef]

Ntoumani, E.; Strandvik, B.; Sabel, K.G. Nervonic acid is much lower in donor milk than in milk from
mothers delivering premature infants-Of neglected importance? Prostaglandins Leukot. Essent. Fat. Acids
2013, 89, 241-244. [CrossRef]

Wu, K; Gao, R;; Tian, F; Mao, Y.; Wang, B.; Zhou, L.; Shen, L.; Guan, Y.; Cai, M. Fatty acid positional
distribution (sn-2 fatty acids) and phospholipid composition in Chinese breast milk from colostrum to
mature stage. Br. J. Nutr. 2018, 121, 65-73. [CrossRef]

Nyuar, K.B.; Min, Y.; Ghebremeskel, K.; Khalil, A.K.H.; Elbashir, M.I.; Cawford, M.A. Milk of northern
Sudanese mothers whose traditional diet is high in carbohydrate contains low docosahexaenoic acid. Acta
Piediatr. 2010, 99, 1824. [CrossRef]

Boersma, E.R.; Offringa, PJ.; Muskiet, EA.; Chase, W.M.; Simmons, 1.]. Vitamin E, lipid fractions, and fatty
acid composition of colostrum, transitional milk, and mature milk: An international comparative study.
Am. ]. Clin. Nutr. 1991, 53, 1197-1204. [CrossRef]

Thakkar, S.K.; De Castro, C.A.; Beauport, L.; Tolsa, ].F.; Fumeaux, C.J.F,; Affolter, M.; Giuffrida, F. Temporal
Progression of Fatty Acids in Preterm and Term Human Milk of Mothers from Switzerland. Nutrients 2019,
11, 12. [CrossRef]

Zhao, P; Zhang, SW.; Liu, L.; Pang, X.Y,; Yang, Y.; Lu, J.; Lv, ].P. Differences in the Triacylglycerol and
Fatty Acid Compositions of Human Colostrum and Mature Milk. J. Agric. Food Chem. 2018, 66, 4571-4579.
[CrossRef]

Jamieson, E.C.; Farquharson, J.; Logan, R.W.; Howatson, A.G.; Patrick, W.J.A.; Weaver, L.T.; Cockburn, F.
Infant cerebellar gray and white matter fatty acids in relation to age and diet. Lipids 1999, 34, 1065-1071.
[CrossRef]

Nagae, L.M.; Hoon, A.H.; Stashinko, E.; Lin, D.; Zhang, W.; Levey, E.; Wakana, S.; Jiang, H.; Leite, C.C,;
Lucato, L.T. Diffusion tensor imaging in children with periventricular leukomalacia: Variability of injuries to
white matter tracts. Ajnr Am. J. Neuroradiol. 2007, 28, 1213. [CrossRef]

De Vries, L.S.; Van Haastert, I.L.C.; Rademaker, K.J.; Corine, K.; Floris, G. Ultrasound abnormalities preceding
cerebral palsy in high-risk preterm infants. J. Pediatr. 2004, 144, 815-820. [CrossRef]

Liu, Z.; Rochfort, S.; Cocks, B. Milk lipidomics: What we know and what we don’t. Prog. Lipid Res. 2018, 71,
70-85. [CrossRef]

Hua, M.C.; Su, H.M.; Kuo, M.L.; Chen, C.C.; Yao, T.C.; Tsai, M.H.; Liao, S.L.; Lai, S.H.; Chiu, C.Y.; Su, K.W,; et al.
Association of maternal allergy with human milk soluble CD14 and fatty acids, and early childhood atopic
dermatitis. Pediatr. Allergy Immunol. 2019, 30, 204-213. [CrossRef]

Rueda, R.; Ramirez, M.; Garciasalmeron, J.L.; Maldonado, J.; Gil, A. Gestational Age and Origin of Human
Milk Influence Total Lipid and Fatty Acid Contents. Ann. Nutr. Metab. 1998, 42, 12-22. [CrossRef]
Salavila, A.; Castellote, A.L; Rodriguezpalmero, M.; Campoy, C.; Lopezsabater, M.C. Lipid composition in
human breast milk from Granada (Spain): Changes during lactation. Nutrition 2005, 21, 467-473. [CrossRef]


http://dx.doi.org/10.1016/j.idairyj.2016.07.015
http://dx.doi.org/10.1038/mp.2011.167
http://www.ncbi.nlm.nih.gov/pubmed/22182937
http://dx.doi.org/10.1097/00005072-198805000-00003
http://www.ncbi.nlm.nih.gov/pubmed/3367155
http://dx.doi.org/10.1023/A:1022549618333
http://www.ncbi.nlm.nih.gov/pubmed/9972864
http://dx.doi.org/10.1002/1531-8249(199901)45:1&lt;100::AID-ART16&gt;3.0.CO;2-U
http://dx.doi.org/10.1007/BF02535275
http://dx.doi.org/10.1016/j.plefa.2013.06.005
http://dx.doi.org/10.1017/S0007114518002994
http://dx.doi.org/10.1111/j.1651-2227.2010.01940.x
http://dx.doi.org/10.1093/ajcn/53.5.1197
http://dx.doi.org/10.3390/nu11010112
http://dx.doi.org/10.1021/acs.jafc.8b00868
http://dx.doi.org/10.1007/s11745-999-0458-5
http://dx.doi.org/10.3174/ajnr.A0534
http://dx.doi.org/10.1016/j.jpeds.2004.03.034
http://dx.doi.org/10.1016/j.plipres.2018.06.002
http://dx.doi.org/10.1111/pai.13011
http://dx.doi.org/10.1159/000012713
http://dx.doi.org/10.1016/j.nut.2004.08.020

Nutrients 2019, 11, 1892 12 of 14

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zou, L.; Pande, G.; Akoh, C.C. Infant Formula Fat Analogs and Human Milk Fat: New Focus on Infant
Developmental Needs. In Annual Review of Food Science and Technology; Doyle, M.P.,, Klaenhammer, T.R., Eds.;
Annual Reviews: Palo Alto, CA, USA, 2016; Volume 7, pp. 139-165.

Billeaud, C.; Boue-Vaysse, C.; Couedelo, L.; Steenhout, P; Jaeger, J.; Cruz-Hernandez, C.; Ameye, L.; Rigo, J.;
Picaud, ]J.C.; Saliba, E.; et al. Effects on Fatty Acid Metabolism of a New Powdered Human Milk Fortifier
Containing Medium-Chain Triacylglycerols and Docosahexaenoic Acid in Preterm Infants. Nutrients 2018,
10, 690. [CrossRef]

Dingess, K.; Valentine, C.; Davidson, B.; Peng, Y.; Guerrero, M.; Ruiz-Palacios, G.; Brenna, J.; McMahon, R.;
Morrow, A. Docosahexaenoic acid, nervonic acid and iso-20 (BCFA) concentrations in human milk from the
Global Exploration of Human Milk Project. FASEB J. 2014, 28, 623.15.

Sala-Vila, A.; Castellote, A.I; Campoy, C.M.; Rodriguez-Palmero, M. The source of long-chain PUFA in
formula supplements does not affect the fatty acid composition of plasma lipids in full-term infants. J. Nutr.
2004, 134, 868-873. [CrossRef]

Jensen, R.G. The Lipids of Human Milk; CRC Press: Boca Raton, FL, USA, 1989.

Qi, C.; Sun, J.; Xia, Y.; Yu, R.Q.; Wei, W,; Xiang, ].Y,; Jin, Q.Z.; Xiao, H.; Wang, X.G. Fatty Acid Profile and the
sn-2 Position Distribution in Triacylglycerols of Breast Milk during Different Lactation Stages. J. Agric. Food
Chem. 2018, 66, 3118-3126. [CrossRef]

The United States Pharmacopeia. Validation of Compendial Procedures. In The United States Pharmacopeia,
the National. Formulary, Chapter 1225; Stanford University: Stanford, CA, USA, 2009.

Quintela, M.; Baguena, J.; Gotor, G.; Blanco, M.].; Broto, F. Estimation of the uncertainty associated with the
results based on the validation of chromatographic analysis procedures: Application to the determination
of chlorides by high performance liquid chromatography and of fatty acids by high resolution gas chro.
J. Chromatogr. A 2012, 1223, 107-117. [CrossRef]

Taverniers, I.; De Loose, M.; Van Bockstaele, E. Trends in quality in the analytical laboratory. II. Analytical
method validation and quality assurance. Trac Trends Anal. Chem. 2004, 23, 535-552. [CrossRef]

IOFI Working Group on Methods of Analysis. Guidelines for the quantitative gas chromatography of volatile
flavouring substances, from the Working Group on Methods of Analysis of the International Organization of
the Flavor Industry (IOFI). Flavour Fragr. . 2011, 26, 297-299.

Gravador, R.S.; Harrison, S.M.; Monahan, FJ.; Gkarane, V.; Farmer, L.J.; Brunton, N.P. Validation of a Rapid
Microwave-Assisted Extraction Method and GC-FID Quantification of Total Branched Chain Fatty Acids in
Lamb Subcutaneous Adipose Tissue. . Food Sci. 2019, 84, 80-85. [CrossRef]

AOAC. AOAC Peer-Verified Methods Program, Manual on Policies and Procedures; The Association of Official
Analytical Chemists: Arlington, VA, USA, 1998.

Koletzko, B.; Baker, S.; Cleghorn, G.; Neto, U.F,; Gopalan, S.; Hernell, O.; Hock, Q.S.; Jirapinyo, P.;
Lonnerdal, B.; Pencharz, P; et al. Global standard for the composition of infant formula: Recommendations
of an ESPGHAN Coordinated International Expert Group. . Pediatr. Gastroenterol. Nutr. 2005, 41, 584-599.
[CrossRef]

Xiang, M.; Harbige, L.S.; Zetterstra, M.R. Long-chain polyunsaturated fatty acids in Chinese and Swedish
mothers: Diet, breast milk and infant growth. Acta Padiatr. 2005, 94, 1543-1549. [CrossRef]

Rydlewski, A.A ; Silva, P.D.; Manin, L.P; Tavares, C.B.G.; Paula, M.G; Figueiredo, L.L.; Neia, V,; Santos, O.O.;
Visentainer, J.V. Lipid Profile Determination by Direct Infusion ESI-MS and Fatty Acid Composition by
GC-FID in Human Milk Pools by Folch and Creamatocrit Methods. J. Braz. Chem. Soc. 2019, 30, 1063-1073.
[CrossRef]

Golfetto, I.; Mcgready, R.; Ghebremeskel, K.; Min, Y.; Dubowitz, L.; Nosten, F.; Drury, P; Simpson, J.A;
Arunjerdja, R.; Crawford, M.A. Fatty acid composition of milk of refugee Karen and urban Korean mothers.
Is the level of DHA in breast milk of Western women compromised by high intake of saturated fat and
linoleic acid? Nutr. Health 2007, 18, 319. [CrossRef]

Yakes, E.A.; Arsenault, ].E.; Munirul, LM.; Hossain, M.B.; Ahmed, T.; Bruce, G.J.; Gillies, L.A.; Shafiqur, R.A;
Drake, C.; Jamil, K M. Intakes and breast-milk concentrations of essential fatty acids are low among
Bangladeshi women with 24-48-month-old children. Br. J. Nutr. 2011, 105, 1660-1670. [CrossRef]

Peng, Y.; Zhou, T.; Wang, Q.; Liu, P; Zhang, T.; Zetterstrom, R.; Strandvik, B. Fatty acid composition of diet,
cord blood and breast milk in Chinese mothers with different dietary habits. Prostagland. Leukot. Essent. Fat.
Acids 2009, 81, 325-330. [CrossRef]


http://dx.doi.org/10.3390/nu10060690
http://dx.doi.org/10.1093/jn/134.4.868
http://dx.doi.org/10.1021/acs.jafc.8b01085
http://dx.doi.org/10.1016/j.chroma.2011.11.064
http://dx.doi.org/10.1016/j.trac.2004.04.001
http://dx.doi.org/10.1111/1750-3841.14410
http://dx.doi.org/10.1097/01.mpg.0000187817.38836.42
http://dx.doi.org/10.1080/08035250500251601
http://dx.doi.org/10.21577/0103-5053.20190006
http://dx.doi.org/10.1177/026010600701800402
http://dx.doi.org/10.1017/S0007114510004964
http://dx.doi.org/10.1016/j.plefa.2009.07.004

Nutrients 2019, 11, 1892 13 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Li, J.; Fan, YW,; Zhang, Z.W.; Yu, H.; An, Y,; Kramer, ]. K.G.; Deng, Z.Y. Evaluating the trans fatty acid, CLA,
PUFA and erucic acid diversity in human milk from five regions in China. Lipids 2009, 44, 257. [CrossRef]
Rocquelin, G.; Tapsoba, S.; Dop, M.C.; Mbemba, F; Traissac, P.; Martinprével, Y. Lipid content and essential
fatty acid (EFA) composition of mature Congolese breast milk are influenced by mothers’ nutritional status:
Impact on infants” EFA supply. Eur. ]. Clin. Nutr. 1998, 52, 164-171. [CrossRef]

van Beusekom, C.M.; Nijeboer, H.J.; Van der Veere, C.N.; Luteyn, A.J.; Offringa, PJ.; Muskiet, FA,;
Boersma, E.R. Indicators of long chain polyunsaturated fatty acid status of exclusively breastfed infants at
delivery and after 20-22 days. Early Hum. Dev. 1993, 32, 207. [CrossRef]

Van, B.C.; Martini, .A.; Rutgers, H.M.; Boersma, E.R.; Muskiet, EA. A carbohydrate-rich diet not only leads to
incorporation of medium-chain fatty acids (6:0-14:0) in milk triglycerides but also in each milk-phospholipid
subclass. Am. |. Clin. Nutr. 1990, 52, 326.

Nishimura, R.Y.; Barbieiri, P.; Castro, G.S.; Jordao, A.A., Jr.; Perdona, G.S.; Sartorelli, D.S. Dietary
polyunsaturated fatty acid intake during late pregnancy affects fatty acid composition of mature breast milk.
Nutrition 2014, 30, 685. [CrossRef]

Bettger, W.J.; DiMichelle-Ranalli, E.; Dillingham, B.; Blackadar, C.B. Nervonic acid is transferred from the
maternal diet to milk and tissues of suckling rat pups. J. Nutr. Biochem. 2003, 14, 160-165. [CrossRef]
Bettger, W.].; Blackadar, C.B. Dietary very long chain fatty acids directly influence the ratio of tetracosenoic
(24:1) to tetracosanoic (24:0) acids of sphingomyelin in rat liver. Lipids 1997, 32, 51-55. [CrossRef]

Fulco, A.J.; Mead, ].F. The biosynthesis of lignoceric, cerebronic, and nervonic acids. J. Biol. Chem. 1961, 236,
2416-2420.

Lauritzen, L.; Jorgensen, M.H.; Hansen, H.S.; Michaelsen, K.E. Fluctuations in human milk long-chain PUFA
levels in relation to dietary fish intake. Lipids 2002, 37, 237-244. [CrossRef]

Argov-Argaman, N.; Mandel, D.; Lubetzky, R.; Kedem, M.H.; Cohen, B.C.; Berkovitz, Z.; Reifen, R. Human
milk fatty acids composition is affected by maternal age. J. Matern. Fetal Neonatal Med. 2017, 30, 34-37.
[CrossRef]

Marin, M.C,; Sanjurjo, A.; Rodrigo, M.A.; de Alaniz, M.]. Long-chain polyunsaturated fatty acids in breast
milk in La Plata, Argentina: Relationship with maternal nutritional status. Prostagland. Leukot. Essent. Fat.
Acids 2005, 73, 355-360. [CrossRef]

Muskiet, FA.; Hutter, N.H.; Martini, I.A.; Jonxis, ].H.; Offringa, P.J.; Boersma, E.R. Comparison of the fatty
acid composition of human milk from mothers in Tanzania, Curacao and Surinam. Hum. Nutr. Clin. Nutr.
1987, 41, 149-159.

Molto-Puigmarti, C.; Plat, J.; Mensink, R.P; Muller, A.; Jansen, E.; Zeegers, M.P,; Thijs, C. FADS1 FADS2 gene
variants modify the association between fish intake and the docosahexaenoic acid proportions in human
milk. Am. J. Clin. Nutr. 2010, 91, 1368-1376. [CrossRef]

Weiss, G.A.; Troxler, H.; Klinke, G.; Rogler, D.; Braegger, C.; Hersberger, M. High levels of anti-inflammatory
and pro-resolving lipid mediators lipoxins and resolvins and declining docosahexaenoic acid levels in human
milk during the first month of lactation. Lipids Health Dis. 2013, 12, 89. [CrossRef]

Lépezlopez, A.; Lopezsabater, M.C.; Campoyfolgoso, C.; Riverourgell, M.; Castellotebargallo, A.I. Fatty acid
and sn-2 fatty acid composition in human milk from Granada (Spain) and in infant formulas. Eur. . Clin.
Nutr. 2002, 56, 1242-1254. [CrossRef]

Salem, N.; Wegher, B.; Mena, P.; Uauy, R. Arachidonic and docosahexaenoic acids are biosynthesized from
their 18-carbon precursors in human infants. Proc. Natl. Acad. Sci. USA 1996, 93, 49-54. [CrossRef]
Gibson, R.A.; Makrides, M.; Neumann, M. A.; Simmer, K.; Mantzioris, E.; James, M.]. Ratios of linoleic acid to
alpha-linolenic acid in formulas for term infants. J. Pediatr. 1994, 125, 48-55. [CrossRef]

Martinez, M. Tissue levels of polyunsaturated fatty acids during early human development. J. Pediatr. 1992,
120, S129. [CrossRef]

Uzman, L.L.; Rumley, M.K. Changes in the composition of the developing mouse brain during early
myelination. J. Neurochem. 2010, 3, 170-184. [CrossRef]

Fan, Y.; Meng, H.-M.; Hu, G.-R; Li, F. Biosynthesis of nervonic acid and perspectives for its production by
microalgae and other microorganisms. Appl. Microbiol. Biotechnol. 2018, 102, 3027-3035. [CrossRef]

Wang, X.Y,; Fan, ].S.; Wang, S.Q. Development situation and outlook of nervonic acid plants in China. China
Oils Fats 2006, 31, 69-71.


http://dx.doi.org/10.1007/s11745-009-3282-x
http://dx.doi.org/10.1038/sj.ejcn.1600529
http://dx.doi.org/10.1016/0378-3782(93)90013-K
http://dx.doi.org/10.1016/j.nut.2013.11.002
http://dx.doi.org/10.1016/S0955-2863(02)00280-2
http://dx.doi.org/10.1007/s11745-997-0008-1
http://dx.doi.org/10.1007/s11745-002-0886-2
http://dx.doi.org/10.3109/14767058.2016.1140142
http://dx.doi.org/10.1016/j.plefa.2005.07.005
http://dx.doi.org/10.3945/ajcn.2009.28789
http://dx.doi.org/10.1186/1476-511X-12-89
http://dx.doi.org/10.1038/sj.ejcn.1601470
http://dx.doi.org/10.1073/pnas.93.1.49
http://dx.doi.org/10.1016/S0022-3476(06)80736-5
http://dx.doi.org/10.1016/S0022-3476(05)81247-8
http://dx.doi.org/10.1111/j.1471-4159.1958.tb12624.x
http://dx.doi.org/10.1007/s00253-018-8859-y

Nutrients 2019, 11, 1892 14 of 14

61. Yiming, G; Elzbieta, M.; Tammy, F.; Vesna, K.; Brost, ].M.; Michael, G.; Barton, D.L.; Taylor, D.C. Increase
in nervonic acid content in transformed yeast and transgenic plants by introduction of a Lunaria annua L.
3-ketoacyl-CoA synthase (KCS) gene. Plant Mol. Biol. 2009, 69, 565-575.

62. Das, S.; Roscoe, TJ.; Delseny, M.; Srivastava, P.S.; Lakshmikumaran, M. Cloning and molecular
characterization of the Fatty Acid Elongase 1 (FAE 1) gene from high and low erucic acid lines of Brassica
campestris and Brassica oleracea. Plant Sci. 2002, 162, 245-250. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/S0168-9452(01)00556-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Standards and Chemicals 
	Human Milk Samples and Infant Formulae 
	Fatty Acid Methyl Esters Preparation 
	GC Analysis 
	Quantitation of Nervonic Acid 
	Validation of the Method 
	Statistical Analysis 

	Results 
	Nervonic Acid Concentration in Human Milk 
	Composition of n-9 Fatty Acids in Human Milk 
	Composition of n-9 Fatty Acids in Infant Formulae 

	Discussion 
	Conclusions 
	References

