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Concentrations of Free Sphingosine 
and Sphinganine in the Breast 
Milk of Healthy Women and 
Women with Type 1 Diabetes

Slavica Potočki1, Ana Mesić2, Zrinka Šakić3,  
Armin Atić4, Ana Kulić5 and Nikolina Bašić Jukić4

SUMMARY

Sphingoid bases form the backbone of sphingolipids and there are indications 
that the sphingolipid metabolism is altered in diseases.
The purpose of this study was to determine the concentrations of free sphin-
gosine (SO) and sphinganine (SA) in the breast milk (BM) of healthy women 
and women with type 1 diabetes (T1D) during lactation. After sphingolipid ex-
traction, base hydrolysis was performed to obtain free SO and SA, which were 
then analyzed by means of high-performance liquid chromatography.
In the BM of healthy women, SO and SA concentrations decrease during lacta-
tion. Concentrations of SO and SA in BM from women with T1D decline until day 
7 and rise starting on day 14 of lactation. Both healthy women and women with 
T1D showed significant differences in SO and SA concentrations by days of lac-
tation. By comparing the concentrations of free SO in the BM of healthy women 
and women with T1D, a statistically significant difference was observed on the 
5th and 14th day of lactation. A statistically significant difference was observed 
by comparing the concentrations of free SA in the BM of healthy women and 
women with T1D on days 14 and 42. 
Our study is the first to provide insight into sphingoid base concentration in BM.
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Introduction

Sphingolipids are one of the main classes of lipids 
present in all mammalian cells1. They are com-
plex molecules, which contain the backbone of 
sphingoid bases. Sphingoid bases are a class of 
long-chain amino alcohols that are N-acylated with 
several fatty acids to form ceramide; a central mol-
ecule of the sphingolipid metabolism. Both de novo 
and salvage pathways are capable of synthesizing 
ceramide2,3 (Figure 1). It is synthesized de novo from 
serine and palmitoyl-CoA in the endoplasmic re-
ticulum. Sphinganine (SA) is the key intermediate 
in this pathway. Ceramide is essential for the pro-
duction of complex sphingolipids, including glyco-
sphingolipids and sphingomyelin. At the lumenal 
leaflet of the Golgi apparatus, phosphorylcholine is 
transferred from phosphatidylcholine to ceramide 

in order to produce sphingomyelin. Ceramide gly-
cosylation, which occurs on the cytosolic leaflet 
of the Golgi apparatus, results in the structurally 
most complex group of sphingolipids, known as 
glycosphingolipids. Ceramide-1-phosphate (C1P) 
is the product of ceramide phosphorylation. After 
sugar residues of glycosphingolipids have been cut 
away by lysosomal glycosidases, the remaining 
fatty acids and sphingoid bases are degraded or 
recycled by the salvage pathway. Sphingomyelin 
is degraded by the enzyme sphingomyelinase in 
a reversible reaction to produce ceramide and 
phosphocholine. Ceramidase is an enzyme that cat-
alyzes the conversion of ceramide to sphingosine 
(SO). SO can be further phosphorylated to form 
sphingosine-1-phosphate (S1P) with the enzymes 
sphingosine kinase 1 and 2. Because of their ex-
tensive bioactivity and ubiquity, dysregulation and 

figure 1 Synthesis and degradation pathways of sphingolipids

Sphingosine

Sphingosine-1-phosphate

Glycosphingolipids

Ceramide

Ceramide-1-phosphate

Sphingomyelin

Sphinganine

NH
2

CH
2
OH

OH

Serine + Palmitoyl CoA

NH
2

CH
2
OH

OH

CH
3
(CH

2
)n

OH

O

NH

HHO



S. Potočki et al. / Sphingoid bases in human milk

130

abnormalities in the sphingolipid metabolism have 
been suggested as possible causes of a number of 
pathological diseases, including diabetes mellitus 
and its related complications. Over the last twenty 
years, research has shown the significant functions 
played by a number of sphingolipids, particular-
ly ceramide, SO, S1P and C1P4,5. These molecules 
are thought to modulate physiological and patho-
physiological processes, including inflammatory 
responses, apoptosis and cell growth regulation. 
Thus, these bioactive substances have significance 
for both the development of disease and normal 
cell function. It has been suggested that sphingo-
lipids may serve as biomarkers for a number of 
diseases, including heart failure, asthma, type 1 
diabetes (T1D) and coronary artery disease6,7. Ac-
cording to evidence, sphingolipids may play a part 
in glucose homeostasis and metabolic diseases8.

Because they are bioactive compounds, sphin
goid bases have been an increasingly import-
ant subject of biomedical research in recent 
years. The 18-carbon dihydroxy amino alkene 
SO and its saturated precursor SA are the most 
basic and prevalent sphingoid bases found in 
mammals. In addition to being a component of 
sphingolipid composition, a small fraction is also 
present as free long-chain bases and is therefore 
associated with a number of biological activities9. 
By interacting with biological targets and pre-
venting platelet aggregation and growth factor 
action, SO — a bioactive lipid — functions as a 
second messenger in cell membranes10-12. It has 
been connected to several diseases. Additionally, 
the prevention of disease and/or its associated 
consequences may benefit from SO. Sphingoid 
bases have been shown to have a protective 
antibacterial effect against infection13. Accord-
ing to mounting data, type 2 diabetes (T2D) is 
characterized by a dysregulated sphingolipid 
metabolism and substantial alterations in the 

serum metabolome prior to T1D development14-16. 
Diabetes mellitus is a chronic condition in which 
there is an insufficient or absent supply of the 
hormone insulin, resulting in increased blood 
glucose levels. There are several known types 
of diabetes. Insulin-dependent diabetes mellitus, 
or T1D, is primarily seen in young individuals. 
It is characterized by the pancreas producing 
very little or no insulin as a result of β-cells be-
ing destroyed, usually by an autoimmune pro-
cess17. An abnormally elevated blood glucose 
level is the end result. Such people need insulin 
replacement therapy for the rest of their lives. 
T2D, also known as non-insulin-dependent di-
abetes mellitus, is the most prevalent type of 
the disease. Usually, it begins with insulin resis-
tance, a condition in which cells do not react to 
insulin secretion appropriately. Numerous in-
vestigations have indicated that different sphin-
golipids may control the secretory function of 
β-cells18. Thus far, descriptions of the stimulatory 
effects of extracellular S1P and the inhibitory 
effects of ceramide on insulin secretion have 
been provided19,20. Diabetes has been linked to 
a number of short- and long-term consequenc-
es for both mothers and newborns, and it has 
been established that this disease can delay the 
start of lactogenesis II and change the content 
of human milk21,22. 

It is known that metabolic diseases can affect 
lipid content and quality, as well as milk synthe-
sis. Consequently, alterations in the amounts of 
insulin in plasma can influence the kind and 
amount of lipids in milk. This would imply that 
the hormonal state could also have an impact on 
SO and SA concentrations in milk.

Thus, the purpose of this study was to de-
termine the concentrations of free SO and SA in 
breast milk (BM) produced during lactation by 
both healthy and T1D mothers.
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Methods

Patients

BM samples were collected from 15 women with 
T1D aged 29 ± 5.4 years on the 3rd, 5th, 7th, 14th and 
42nd day of lactation. Ten healthy women (aged 
31 ± 4.8 years) provided the control BM samples, 
which were collected on the same days of lacta-
tion as the cohort samples. Milk samples were col-
lected at University Hospital Centre Zagreb, Cro-
atia. After discharge from hospital, the mothers 
collected BM at home. The study was approved by 
the Ethics Committee of the School of Medicine, 
University of Zagreb and the Ethics Committee 
of University Hospital Centre Zagreb. The study 
was conducted in accordance with the Declara-
tion of Helsinki.

Chemicals

The extraction solvents (CH3OH and CHCl3) and 
the solvents used for liquid chromatography 
(CH3OH and H2O) were both supplied by Riedel 
de Hähn AG, Seelze, Germany. Standards of sphin-
goid bases (C18 D-sphingosine and C18-dL-eryth-
ro-dihydrosphingosine), ortho-phthaldialdehyde 
(OPA) and 2-mercaptoethanol were purchased 
from Sigma Aldrich Chemie GmbH (Steinheim, 
Germany). All others chemicals were purchased 
from Kemika (Zagreb, Croatia).

Sphingolipid extraction

Sphingolipids were extracted from BM and then 
subjected to base hydrolysis according to the 
method used by Riley et al.23 with minor mod-
ifications24. The aim of base hydrolysis is the 
splitting of acylglycerolipids and the hydrolysis 

of lysosphingolipids (free sphingoid bases modi-
fied on the SA or SO C1 atom hydroxyl group) in 
order to release free SA and SO. The phospholip-
ids (phosphatidylethanolamine and phosphati-
dylserine) that may react with the OPA reagent 
for sphingoid base derivation are effectively 
removed by the base treatment. This process 
does not release sphingoid bases from complex 
sphingolipids.

Quantification of sphingoid bases

The sphingoid bases were analyzed using high-
‑performance liquid chromatography (HPLC). 
HPLC was performed using the following Perkin–
Elmer (Norwalk, CT, USA) equipment: isocratic 
pump, fluorescence detector, interface, column 
oven, auto sampler and software for chromatog-
raphy (Turbochrom4.1.2). The analytical column 
(Radial-PakTM cartridge, Nova-PakTM C18, 10x0.8 cm, 
4 mm), column module and holder with pre-col-
umn filter (Guard-Pak assembly, Nova-Pak C18, 4 
mm) were purchased from the Waters Corpora-
tion (Milford, MS, USA).

Before the sphingoid bases were applied to 
the column, the OPA reagent was used to deri-
vatize them by reaction via their amino group. 
Sample preparation and liquid chromatography 
conditions were carried out according to Ribar 
et al24.

Statistics

Statistical analysis was performed using SAS© 
Ver. 9.4 (Cary, NC). All continuous variables were 
expressed as mean and standard deviations (SD) 
(as shown in Figure 2 and Figure 3). The follow-
ing tests were used: independent sample t-test 
and paired t-test. All P values below 0.05 were 
considered statistically significant.
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figure 2 Concentrations of free sphingosine (SO) in the breast milk of healthy women (HW) and  
women with type 1 diabetes (T1D) 
HW = healthy women; T1D = type 1 diabetes

figure 3 Concentrations of free sphinganine (SA) in the breast milk of healthy women (HW) and  
women with type 1 diabetes (T1D) 
HW = healthy women; T1D = type 1 diabetes
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Results

In this study, the concentrations of free SO and 
SA in the BM of healthy women and women 
diagnosed with T1D were determined during 
lactation (3rd, 5th, 7th, 14th and 42nd day). All par-
ticipants were lactating mothers who vaginally 
delivered singletons. Mothers who suffered from 
acute mastitis or febrile illness, as well as those 
who underwent medical or plastic breast sur-
gery, were excluded from the study. The mean 
age of healthy women was 31 ± 4.8 years and of 
T1D women 29 ± 5.4. 

Sphingolipid extraction was used to treat BM 
samples from 10 healthy women and 15 women 
with T1D. After the extraction of sphingolipids 
from BM samples, base hydrolysis was performed 
to obtain free SO and SA. The concentrations of 
free SA and SO were determined by means of 
HPLC. 

In the milk samples of healthy women, the 
concentrations of free SO and SA were the high-
est on the 3rd day of lactation and the lowest on 
the 42nd day. These results are shown in Figure 
2 and Figure 3 as mean and standard deviations 
(SD). Statistically significant differences were 
found for free SO and SA concentrations when 
comparing by day within the control group. These 
results are shown in Table 1. Until now, the con-
centrations of free sphingoid bases in BM have 
not been discussed in the literature.

The concentration of free SO in the milk of 
T1D women was the highest on the 3rd day and 
the lowest on the 42nd day of lactation (Figure 2). 
The concentration of free SA in the milk of T1D 
women was the highest on the 3rd day as well, 
but the lowest concentration was registered on 
the 7th day of lactation (Figure 3). Statistically 
significant differences were found for free SO 
and SA concentrations when comparing by day 
within the T1D group (Table 2). The literature 
has not yet addressed the concentrations of free 
sphingoid bases in the BM of women with T1D.

table 1 Statistically significant differences in 
the concentrations of free sphingosine (SO) 
and sphinganine (SA) by days of lactation 

HEALTHY WOMEN

SO SA

3rd vs 5th 3rd vs 5th

3rd vs 7th 3rd vs 7th

3rd vs 14th 3rd vs 14th

3rd vs 42nd 3rd vs 42nd

5th vs 7th 5th vs 7th

5th vs 14th 5th vs 14th

5th vs 42nd 5th vs 42nd

14th vs 42nd 7th vs 14th

SO = sphingosine; SA = sphinganine

table 2 Statistically significant differences in 
the concentrations of free sphingosine (SO) 
and sphinganine (SA) by days of lactation 

TYPE 1 DIABETES

SO SA

3rd vs 5th 3rd vs 5th

3rd vs 7th 3rd vs 7th

3rd vs 14th 3rd vs 14th

3rd vs 42nd 3rd vs 42nd

5th vs 7th 5th vs 14th

5th vs 14th 7th vs 14th

5th vs 42nd 14th vs 42nd

7th vs 14th

7th vs 42nd

SO = sphingosine; SA = sphinganine
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By comparing the concentrations of free SO 
in the BM of healthy women and women with 
T1D, a statistically significant difference was ob-
served on days 5 and 14 of lactation (P = 0.0112; 
P < 0.0001) (Figure 2). As for SA, a statistically sig-
nificant difference was observed in the concen-
tration of free SA in the BM of healthy women and 
women with T1D on days 14 and 42 (P = 0.0010; 
P = 0.0142) (Figure 3).

Discussion

Breast milk (BM) is a special kind of food that is 
thought to include biological components that 
have both immediate and long-term health ben-
efits. It is a biologically active fluid that is spe-
cies-specific and differs greatly between women. 
Throughout lactation, BM continually modifies 
to meet the developing infant’s physiological 
needs. In addition to providing the newborn 
with essential nutrients for their growth and 
development, BM also plays a role in protecting 
against infections and inflammation. It also plays 
a role in immune maturation, early microbial 
colonization and organ development25. Accord-
ing to certain theories, there are suggestions that 
early postnatal dietary signals could influence 
metabolic developmental pathways and cause 
long-lasting modifications to the vulnerability 
to metabolic diseases26. Research findings in-
dicate that the consumption of BM may offer 
a preventive effect against T2D and obesity in 
later life27. According to some studies, immuno-
logical and nutritional alterations in the compo-
sition of BM might result from chronic diseases 
like diabetes28. BM has been the focus of several 
studies, but the impact of chronic diseases on its 
nutritional content has not yet been thoroughly 
understood and the findings vary, which is why 
it continues to be the subject of many studies. 

The amount and quality of BM can be directly 
influenced by inadequate levels of insulin in 
diabetes21,22. According to evidence, sphingo-
lipids may be involved in glucose homeostasis 
and metabolic diseases8. Several studies have 
shown that various sphingolipids can affect the 
secretory ability of β-cells18. It is well known that 
ceramide and its analogs suppress the produc-
tion and release of insulin19. Extracellular S1P, 
in contrast to ceramide, is a strong inducer of 
insulin production29. 

When an individual progresses from obesity 
to prediabetes and then into overt diabetes, both 
T1D and T2D, there is a progressive rise in glucose 
levels, and lipid and sphingolipid abnormalities 
that worsen inflammation and oxidative stress. It 
is widely acknowledged that sphingolipids play 
a role in the development of inflammatory and 
autoimmune diseases. Though the exact pro-
cesses underlying this are still unknown, several 
researchers have recently proposed that dietary 
fats and changes in lipid metabolism, particular-
ly sphingolipid metabolism, may be responsible 
for initiating or promoting the autoimmune on-
set of T1D30. Adipose sphingolipid accumulation 
was observed in diabetic patients compared to 
non-diabetic persons with a comparable body 
mass index31. Although lipids in BM function sim-
ilarly to hormones in promoting the growth and 
development of infants, little research has been 
done on how the composition of lipids in BM var-
ies, particularly when T1D is involved.

Dritsakou et al.32 identified higher levels of 
fat in the milk of diabetic women. 

Opposite to that finding, Jackson et al.33 and 
Morceli et al.22 observed that the amount of fat 
in the BM of diabetic women was lower com-
pared to the control group. Despite their results’ 
unanimity, the two studies used different meth-
ods to evaluate the nutritional composition of 
BM. Fujimori et al.34 and Dritsakou et al.32 found 
higher levels of fat and energy in the BM of over-
weight women.
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Hormones are one of the several factors 
known to affect sphingolipid metabolism. Com-
paring T1D patients to non-diabetic controls, re-
cent lipidomic studies of serum and blood cells 
from these patients have revealed changes in 
sphingolipid profiles15,35

. The concentrations of SO, 
SA and several sphingolipid species were found 
to be significantly elevated in plasma samples 
from T2D patients compared to healthy control 
subjects36, suggesting that the rate of cellular 
ceramide generation in T2D patients is likely 
elevated.

The purpose of this study was to determine 
the concentrations of free SO and SA in the BM 
of healthy and T1D mothers, as there is no infor-
mation in the literature on this topic.

In this study, the concentrations of free SO 
and SA in the BM of 15 T1D patients and 10 heal
thy women were measured during lactation (3rd, 
5th, 7th, 14th and 42nd day postpartum). The ob-
tained results show that the concentrations of 
free SO and SA significantly decreased in healthy 
individuals during lactation (Figure 2 and Figure 
3). However, in the BM of women with T1D, they 
decreased from day 3 to day 7 and increased on 
day 14 (Figure 2 and Figure 3). 

Statistically significant differences in SO and 
SA concentrations by days of lactation were ob-
served in both healthy women and women with 
T1D. By comparing the concentrations of free SO 
in the BM of healthy women and T1D women, a 
statistically significant difference was observed 
on the 5th and 14th day of lactation (Figure 2). A 
statistically significant difference was observed 
by comparing the concentrations of free SA in 
the milk of healthy women and T1D women on 
days 14 and 42 (Figure 3). Therefore, according 
to the obtained results, in the BM of women with 
T1D, a significantly higher concentration of SO 
was observed on day 14, and significantly higher 

concentrations of SA were observed on days 14 
and 42 of lactation. 

This may be partly explained by the abnormal 
lipid metabolism in diabetics, which is marked 
by an elevation of lipoprotein lipase and lipolysis. 
Irregularities in the concentration of plasma in-
sulin may influence the type and amount of lipids 
in BM by influencing the activities of enzymes 
involved in the desaturation and elongation of 
fatty acids, as well as the transmembrane passage 
of glucose in mammary gland cells and lipids 
(via lipoprotein lipase activity). In the mammary 
gland, insulin can influence lipogenesis in sever-
al ways. A lack of insulin causes the mammary 
glands’ phosphofructokinase activity to reduce, 
which decreases glucose metabolism. Since glu-
cose serves as a substrate for fat synthesis, mod-
ifications in the metabolism of carbohydrates 
can alter the composition of BM. It could be as-
sumed that there is an increased concentration of 
available fatty acids for the synthesis of complex 
sphingolipids, which are metabolized and broken 
down to sphingoid bases, which may result in a 
slightly higher concentration of sphingoid bases.

Despite its limitations, our study is still rele-
vant because it provides insight into T1D-induced 
changes in BM sphingolipid metabolism.

More research needs to be done using a larg-
er number of subjects and incorporating more 
biochemical parameters.

Conclusions

This study was the first to determine the concen-
trations of free SO and SA from day 3 to day 42 
of lactation in the milk of healthy mothers and 
mothers with T1D.�
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SAŽETAK

Koncentracije slobodnog sfingozina i sfinganina u majčinom 
mlijeku zdravih žena i žena s dijabetesom tipa 1
Slavica Potočki, Ana Mesić, Zrinka Šakić, Armin Atić, Ana Kulić i Nikolina Bašić Jukić 

Sfingoidne baze čine okosnicu sfingolipida. Postoje indikacije da se metabolizam sfingolipida mijenja u bolestima.
Svrha ovog istraživanja bila je određivanje koncentracija slobodnog sfingozina (SO) i sfinganina (SA) u majčinom 
mlijeku zdravih žena i žena s dijabetesom tipa 1 (T1D) tijekom dojenja. Nakon ekstrakcije sfingolipida, provedena 
je bazna hidroliza kako bi se dobili slobodni SO i SA, koji su potom analizirani tekućinskom kromatografijom visoke 
djelotvornosti. 
U mlijeku zdravih žena koncentracije SO i SA smanjuju se tijekom laktacije. Koncentracije SO i SA u mlijeku žena s 
T1D smanjuju se do 7. dana te potom rastu počevši od 14. dana laktacije. Kod zdravih žena i žena s T1D pokazale 
su se značajne razlike u koncentracijama SO i SA po danima laktacije. Usporedbom koncentracija slobodnog SO 
u mlijeku zdravih žena i žena s T1D uočena je statistički značajna razlika 5. i 14. dana laktacije. Statistički značajna 
razlika uočena je usporedbom koncentracije slobodnog SA u mlijeku zdravih žena i žena s T1D 14. i 42. dana. 
Naše istraživanje po prvi put daje uvid u koncentraciju sfingoidnih baza u majčinom mlijeku.
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