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Objective(s) and design
The aim of the study was to analyse a panel of 11 sphingolipids in plasma and three blood
fractions (platelet-poor plasma, platelets and red blood cells) of women with mild
preeclampsia.

Materials and methods
We recruited 21 women between 25–40 weeks gestation with diagnosed mild preeclampsia
to the study group and 36 healthy women with uncomplicated pregnancies, who corresponded with the study group according to gestational age, to the control group. To assess
the concentration of 11 sphingolipids in the blood plasma and blood fractions, we used ultrahigh performance liquid chromatography coupled with triple quadrupole mass spectrometry
(UHPLC/MS/MS).

Results
We showed a significant increase in the concentration of eight sphingolipids in the plasma of
women with preeclampsia in comparison to the control group: Sph (p = 0.0032), S1P (p =
0.0289), C20-Cer (p < 0.0001), C18-Cer (p < 0.0001), C16-Cer (p = 0.012), C18:1-Cer (p =
0.003), C22-Cer (p = 0.0071), and C24:1-Cer (p = 0.0085).

Conclusion
We showed that selected sphingolipids, especially C20-Cer and C18-Cer, are totally new
factors in the pathomechanism of PE and that these bioactive lipids may play an important
role in apoptosis and autophagy.
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Introduction
Preeclampsia (PE) is a disorder occurring in 3–5% of pregnancies in Western Europe and
North America, with almost 8.5 million cases per year recorded worldwide [1]. It is the most
common cause of mortality in pregnant women. Clinically, this disease is associated with
hypertension 140/90 mm Hg and proteinuria 0.3 g/24 h, occurring after the 20th gestational week in women previously identified as normotensive and with no protein in their
urine [2]. The course of preeclampsia is individually specific; it may present with varying
degrees of severity of hypertension and proteinuria and may be complicated by the HELLP
syndrome (haemolytic anaemia, elevated liver enzymes, low platelet count) and fully fledged
eclampsia [3]. The symptoms are associated with generalized oedema, headache and blurred
vision, and in severe cases, preeclampsia may cause liver failure and kidney disease, coagulation disorders, respiratory distress syndrome and intrauterine foetal growth restriction
(IUGR) [2,4]. Despite many hypotheses, the pathogenesis of preeclampsia has not been clearly
established, and the most effective ‘remedy’ is delivery [5].
In the literature, the most popular studies discuss the coexistence of metabolic syndrome and
PE [6]. Different authors report an indirect relationship between PE and the increase of free fatty
acids in patient’s blood. If we take into account the fact that increased levels of saturated fatty
acids stimulate intracellular synthesis of sphingolipids, it can be postulated that sphingolipids are
the element that link lipid abnormalities and preeclampsia [7]. Additionally, it is well known that
IL-6 and TNF-alpha as well as MCP-1 and PAI-1 stimulate lipolysis and thus the release of free
fatty acids from fat; free fatty acids are substrates for the synthesis of sphingolipids [8,9]. Additional relationships may exist between fatty acids and, e.g., triacylglycerols, diacylglycerols and
neutral lipids, which are substrates for the synthesis of biological active lipids [10]. Specifically,
triglycerides (TG) are the one of the most important type of lipids in PE. It was recently shown
that amongst women with mild PE, the concentration of TG significantly increased in comparison to healthy pregnant women, which led to the understanding of the relationship between fatty
acids and sphingolipid metabolism and their influence on lipotoxicity in PE [11,12].
The most recent research on the metabolic syndrome (MetS) revealed that MetS represents
an oligogenic cluster of genetic factors and environmental metabolic overload / sedentary lifestyle, which includes hypertension, hyperlipidaemia, hyperglycaemia, insulin resistance, obesity, hyperuricaemia and other related clinical phenotypes [13]. Scientists explained the
significance of the cluster of genetic factors, the regulation of food intake and energy consumption by genetic and environmental factors and their relation to the aetiology of severe obesity
and MetS [14,15]. Additionally, scientists used GWAS (genome-wide association study)
research for relating genetic factors (participants had their whole genome sequenced) to the
influence of factors such as environment and lifestyle to determine the overall view for the
pathogenesis of the disease [16].
However, in contrast, in our research, we intend to show that sphingolipids are also
involved in the pathological mechanism of PE in patients who are not obese and do not have
metabolic syndrome. It is worth noting that sphingolipids are not the primary cause of PE. In
the literature, it is suggested that the above-mentioned cytokines and lipids can be involved in
the molecular mechanism initiated by the maternal immunology response to the foetal portion
of the placenta. Immune system activation is associated with the origin of PE and other factors,
including chemokines, activated neutrophils, and endothelial dysfunction. We believe that
through this mechanism, a disturbance in biologically active lipid levels is also related to the
pathophysiology of this syndrome [10,17].
Romanowicz et al. discovered that in the umbilical artery, during preeclampsia, the levels of
sphingosine and sphingomyelin increase and the level of ceramide content as well as sphingoid
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bases decrease, which may confirm the hypothetical change in the level of sphingolipids in the
blood. Perhaps sphingolipids, whose content increases, are released into the mother’s blood
through the placenta [18]. In addition, it was discovered that one sphingolipid, i.e., sphingosine-1-phosphate, inhibits the differentiation of cytotrophoblasts in the syncytiotrophoblast,
which may be important in the pathogenesis of PE [19].
The relationship between higher levels of blood sphingolipids and hypertension is discussed
in the literature [20,21]. These studies reveal that some sphingolipids, e.g., sphingosine-1
phosphate (S1P), play an important role in proliferation, cell growth, cell survival, migration,
inflammation, angiogenesis, vasculogenesis and resistance to apoptotic cell death.
Because of the poorly researched topic of sphingolipids in PE and existence of strong evidence on the importance of these compounds in the pathogenesis of PE, we aimed to quantitatively examine their contents in the peripheral blood of pregnant women with a particular
emphasis on sphingosine-1 phosphate.

Materials and methods
In our Department (Perinatology and Obstetrics of Medical University of Bialystok) and two
other Departments (Institute of Obstetric and Emergency Medicine of University of Rzeszow
and Department of Perinatology of Medical University of Lodz), we eventually recruited 21
pregnant women with mild preeclampsia (study group) and 36 pregnant women (matched for
maternal age, gestational age and BMI) with uncomplicated pregnancies (control group). The
study protocol was approved by the Local Ethical Committee of Medical University of Bialystok, Poland, and informed consent was obtained from each patient (no ethics committee
approval: R-I-002/377/2016). Signed informed consent was obtained from all participants
involved in the study.
The recruitment of patients to the study and control groups started after 24 weeks of gestation because we attempted to perform OGTT 75 g (routinely conducted in Poland between
the 24th and 28th weeks) in all of the patients. We recruited patients with mild preeclampsia
between 25–40 weeks of gestation (patients with severe PE were not included because we
focused on a higher homogeneity of the study group). The inclusion criteria were as follows:
blood pressure between 140/90 and 160/110 mmHg in two independent measurements taken
over an interval of at least 6 hours and the presence of protein in 24 hour urine collection
above 300 mg/24 h, but not more than 5 g/24 h. We excluded women with: chronic hypertension, multiple pregnancy, pre-existing diabetes or gestational diabetes, insulin resistance,
abnormal glucose and insulin fasting level, connective tissue disease, kidney disease, viral
diseases (CMV, WR, EBV), toxoplasmosis, urinary tract infection, thrombocytopenia and
coagulation disorders, pregnancy diagnosed with chromosomal aberrations before or after
childbirth, and BMI > 30 at the time of recruitment. We obtained 20 ml of blood in EDTA
tubes from each patient (fasting) qualified for the project.
In accordance with the model protocol of blood fractionation [22] repeatedly tested on rats,
we obtained plasma and three blood fractions (platelet-poor plasma, platelets and red blood
cells) for the determination of sphingolipids. This protocol was selected because we had previously tested it for compatibility with our sphingolipid extraction method. EDTA was used as
an anticoagulant. Immediately after sampling, 20 ml of blood was centrifuged at 1400 × g for
10 min at 4˚C and platelet-rich plasma was transferred to a fresh plastic tube. The leukocyterich buffy coat was thoroughly removed. Separated erythrocytes were suspended in 3 ml of
cold PBS buffer (pH 7.4) and centrifuged at 1400 × g for 10 min. The upper layer and remaining buffy coat were discarded. Erythrocytes were then re-suspended in 2 ml of PBS buffer (pH
7.4) and were flash frozen in liquid nitrogen. Platelet-rich plasma was centrifuged at 2000 × g
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for 10 min at 4˚C to isolate platelets. Isolated platelets were washed with cold platelet wash
buffer (5 mM KH2PO4, 5 mM Na2HPO4, 0.1 M NaCl, 1% glucose, 0.63% sodium citrate, pH
6.6), suspended in 0.3 ml of PBS, and flash frozen in liquid nitrogen. The supernatant was then
transferred to a fresh plastic tube and centrifuged at 5000 × g for 10 min to obtain platelet-free
plasma. All samples were stored at −80˚C until analysis [22]. Platelet and erythrocyte fractions,
before sphingolipid extraction, were gently sonicated. Then, each sample was divided into two
portions: one for the extraction sphingolipids, the second for the determination of total protein. Therefore, the ceramide content in the fraction of platelets, red blood cells were standardized. The concentrations of the sphingolipid fractions were converted to nmol/mg of total
protein (platelets) and ng/mg of haemoglobin (erythrocytes). The protein was measured by
absorbance using reagents; the Thermo Scientific Pierce BCA Protein Assay Kit was used to
measure total protein and Drabkin’s reagent was used to measure haemoglobin.
The content of sphingolipids was measured using a UPLC/MS/MS in multiple reaction
monitoring (MRM) mode according to Blachnio-Zabielska et al. [23–25]. The method uses an
internal standard approach with individual concentration curves prepared with the use of
commercially available sphingolipid standards (Avanti Polar Lipids). Briefly, 50 μl of the internal standard solution (17C-sphingosine and 17C-S1P, and C17-Cer Avanti polar lipids) was
added to each sample (100 μl), as well as 1.5 ml of an extraction mixture (isopropanol:water:
ethyl acetate, 35:5:60; v:v:v). The following sphingolipids were quantified: Sph (sphingosine),
S1P (sphingosine-1-phosphate), SPA (sphinganine), ceramide C14:0-Cer (ceramides containing myristic acid), C16:0-Cer (ceramides containing palmitic acid), C18:1-Cer (ceramides containing oleic acid), C18:0-Cer (ceramides containing stearic acid), C20:0-Cer (ceramides
containing arachidic acid), C22:0-Cer (ceramide containing behenic acid), C24:1-Cer (ceramides containing nervonic acid) and C24:0-Cer (ceramides containing lignoceric acid).
Sphingolipids were analysed by means of an Agilent 6460 triple quadrupole mass spectrometer
using a positive ion electrospray ionization (ESI) source with multiple reaction monitoring
(MRM). Chromatographic separation was performed using an Agilent 1290 Infinity Ultra Performance Liquid Chromatography (UPLC). The analytical column was a reverse-phase Zorbax
SB-C8 column 2.1 × 150 mm, 1.8 μm. Chromatographic separation was conducted in a binary
gradient using 2 mM ammonium formate, 0.15% formic acid in methanol as Solvent A and 1.5
mM ammonium formate and 0.1% formic acid in water as Solvent B at a flow rate of 0.4 ml/
min. HPLC grade methanol, water, formic acid, ammonium formate and ethanol were purchased from Sigma-Aldrich (St. Louis, MO).
Descriptive statistics, including the mean concentration, standard error of the mean and
median, were calculated for the sphingolipids under investigation, henceforth called features.
To determine whether the features’ distributions significantly differed between the studied
groups, either Student’s t-test was carried out or a non-parametric Wilcoxon rank-sum test
[26] was applied. The choice of an appropriate method was made upon fulfilling the normality
and homogeneity of variances assumptions, and in the case of a violation of at least one of the
conditions, a non-parametric approach was employed. The normality of the distribution of the
features was checked with the Shapiro-Wilk test [27], and the homogeneity of variances was
checked with Levene’s test [28].

Results
The clinical characteristics of the patients are presented in Table 1. Patients from both groups
were matched for maternal age, number of pregnancies, gestational age at collection and present BMI to ensure that the two groups are comparable and there are no statistically significant
differences between them.
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Table 1. Clinical patient characteristics.
Group I—healthy, pregnant
women (n = 36)

Group II—women with PE
(n = 21)

Maternal age
(median ± SD)

23.2 ± 6.01

29 ± 5.65

Number of pregnancies
(median ± SD)

1 ± 1.27

1 ± 0.56

Gestational age at sample collection
in weeks
(median ± SD)

31.6 ± 5.78

32.5 ± 4.97

Present BMI
(median ± SD)

25.09 ± 2.04

26 ± 2.53

SD—standard deviation
https://doi.org/10.1371/journal.pone.0177601.t001

The values of the mean sphingolipid concentration and standard error (mean ± SEM) of
maternal plasma as well as of three fractions of blood (platelet-poor plasma, platelet, red blood
cells) in each study group are presented in Tables 2 to 5.
We showed a significant increase in the concentration of eight sphingolipids in the plasma
of women with preeclampsia in comparison to the control group (Table 2): Sph (p = 0.0032),
S1P (p = 0.0289), C20-Cer (p < 0.0001), C18-Cer (p < 0.0001), C16-Cer (p = 0.012),
C18:1-Cer (p = 0.003), C22-Cer (p = 0.0071), and C24:1-Cer (p = 0.0085).
There are no significant differences between groups in the three blood fractions: plateletpoor plasma, platelet, red blood cells (Tables 3–5).

Discussion
Sphingolipids, especially ceramides, are biologically active lipids that are involved in many
metabolic processes in the human body. One of their functions is signal transduction in apoptosis and cell autophagy [29,30]. It is known that in the pathogenesis of PE, a decisive role is
Table 2. Concentrations of sphingolipids in maternal plasma.
Group I—healthy, pregnant women
(n = 36)

Group II—women with PE
(n = 21)

Sphingolipids concentration (nmol/l)
Mean ± SEM

P-value
Group I- Group II

SPA

36.18 ± 2.99

39.83 ± 3.32

0.33**

Sph

129.3 ± 10.02

209.15 ± 28.4

0.0033** ^

S1P

176.38 ± 13.46

269.97 ± 38.23

0.028** ^

C24-Cer

2192.05 ± 107.35

2309.56 ± 177.58

0.57*

C20-Cer

161.98 ± 6.57

225.85 ± 11.97

< 0.0001** ^

C18-Cer

134.44 ± 7.43

192.46 ± 9.55

< 0.0001** ^

C16-Cer

675.41 ± 21.96

793.41 ± 35.36

0.012* ^

C14-Cer

20.62 ± 0.98

21.01 ± 1.18

0.57**

C18:1-Cer

16.51 ± 0.71

21.13 ± 0.89

0.003* ^

C22-Cer

898.28 ± 43.29

1183.33 ± 78.55

0.0071* ^

C24:1-Cer

1885.99 ± 83.89

2338.48 ± 124.67

0.0085* ^

* p value calculated using Student’s T-test
** p value calculated using Mann Whitney Wilcoxon’s test
^ statistically significant p value of less than 0.05 (p < 0.05)
https://doi.org/10.1371/journal.pone.0177601.t002
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Table 3. Concentrations of sphingolipids in the blood fraction: Platelet-poor plasma.
Group I—healthy, pregnant women
(n = 36)

Group II—women with PE
(n = 21)

P-value
Group I- Group II

Sphingolipids concentration (nmol/l)
Mean ± SEM
SPA

7.3 ± 1

6.31 ± 0.66

0.47*

Sph

17.71 ± 2

15.04 ± 1.34

0.38*

S1P

43.76 ± 5.01

64.86 ± 12.39

0.68**

C24-Cer

293.7 ± 21.56

258.59 ± 36.19

0.41*

C20-Cer

20.73 ± 1.85

21.07 ± 2.7

0.91**

C18-Cer

16.63 ± 1.59

17.69 ± 1.95

0.68*

C16-Cer

86.17 ± 7.07

91.2 ± 7.63

0.63*

C14-Cer

2.75 ± 0.2

2.55 ± 0.39

0.23**

C18:1-Cer

1.95 ± 0.18

2.13 ± 0.23

0.72*

C22-Cer

114.28 ± 9.34

119.11 ± 16.26

0.88**

C24:1-Cer

229.72 ± 16.99

249.34 ± 26.26

0.81**

* p value calculated using Student’s T-test
** p value calculated using Mann Whitney Wilcoxon’s test
https://doi.org/10.1371/journal.pone.0177601.t003

played by abnormal implantation of the trophoblast in the uterine spiral arteries, leading to
placental ischemia and oxidative stress, which consequently results in cell apoptosis, the release
of placental factors (including inflammatory proteins), and an imbalance between pro- and
anti-angiogenic factors [31–33]. Because of oxidative stress and apoptosis in preeclampsia, it
can be assumed that sphingolipids should play a significant role in the pathogenesis of PE.
Interestingly, our findings indicate no significant differences in sphingolipid levels among
the three blood fractions. Before the experiment, we hypothesized that sphingolipids can be
released from the placenta into the blood of women with PE [34–36]. This indicates a lack of
Table 4. Concentrations of sphingolipids in the blood fraction: Platelets.
Group I—healthy, pregnant women
(n = 36)

Group II—women with PE
(n = 21)

Sphingolipids concentration (nmol/mg of total protein)
Mean ± SEM

P-value
Group I- Group II

SPA

0.02 ± 0.002

0.02 ± 0.003

0.97*

Sph

0.07 ± 0.02

0.06 ± 0.01

0.56*

S1P

0.35 ± 0.08

0.36 ± 0.06

0.96*

C24-Cer

0.11 ± 0.01

0.09 ± 0.01

0.31*

C20-Cer

0.06 ± 0.012

0.06 ± 0.008

0.85**

C18-Cer

0.03 ± 0.0052

0.03 ± 0.0053

0.91*

C16-Cer

0.08 ± 0.013

0.08 ± 0.014

0.97**

C14-Cer

0.002 ± 0.0001

0.002 ± 0.0004

0.69**

C18:1-Cer

0.002 ± 0.0002

0.002 ± 0.0004

0.73*

C22-Cer

0.17 ± 0.03

0.13 ± 0.02

0.54**

C24:1-Cer

0.14 ± 0.02

0.11 ± 0.01

0.59**

* p value calculated using Student’s T-test
** p value calculated using Mann Whitney Wilcoxon’s test
https://doi.org/10.1371/journal.pone.0177601.t004
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Table 5. Concentrations of sphingolipids in the blood fraction: Red blood cells.
Group I—healthy, pregnant women
(n = 36)

Group II—women with PE
(n = 21)

Sphingolipids concentration (nmol/mg of Haemoglobin)
Mean ± SEM

P-value
Group I- Group II

SPA

0.0004 ± 0.00003

0.0004 ± 0.00007

Sph

0.0004 ± 0.00007

0.0004 ± 0.00003

0.72**

S1P

± 0.0016

0.008 ± 0.0009

0.12**

0.94*

C24-Cer

0.008 ± 0.001

0.009 ± 0.001

0.33**

C20-Cer

0.0008 ± 0.0001

0.0009 ± 0.0001

0.86*

C18-Cer

0.001± 0.0001

0.002 ± 0.0002

0.42*

C16-Cer

0.007 ± 0.0005

0.006 ± 0.0004

0.42*
0.79**

C14-Cer

0.00008 ± 0.000011

0.00008 ± 0.000013

C18:1-Cer

0.0001 ± 0.00001

0.0001 ± 0.00002

0.39**

C22-Cer

0.004 ± 0.0005

0.006 ± 0.0007

0.15*

C24:1-Cer

0.03 ± 0.0029

0.03 ± 0.0024

0.96*

* p value calculated using Student’s T-test
** p value calculated using Mann Whitney Wilcoxon’s test
https://doi.org/10.1371/journal.pone.0177601.t005

increased synthesis of sphingolipids in blood platelets and erythrocytes, tentatively confirming
our hypothesis about the placental source of sphingolipids.
This theory seems to be confirmed by another study by Melland-Smith et al. [37], who
found an increased amount of ceramides in the placenta of women with preeclampsia [37].
Their analysis showed significant increases in various ceramides, except for C22-Cer, in PE
placentas compared to control group placentas: C16-Cer, C18-Cer, C20-Cer and C24-Cer
[37]. The same result, in a study of the ceramide content in the placenta of women with PE,
was obtained by others [38]. Interestingly, Romanowicz et al. [18] showed a statistically significant decrease of ceramides levels in the umbilical cord artery; in particular, they showed a
decrease of the total amount of ceramides and a decrease in the levels of individual ceramides,
such as C12-Cer, C14-Cer, C16-Cer, C18-Cer, C14:1-Cer, C18:2-Cer, C20:4-Cer, and
C20:5-Cer. In addition, they found an increase in the level of sphinganine in umbilical arteries
in women with preeclampsia [18]. One year later, Romanowicz et al. [39] found an interesting
result in research on the content of sphingolipids in Wharton’s jelly, the substance surrounding umbilical cord vessels to protect them against extension, bending, twisting and compression. They showed an increase in the level of ceramide, sphingosine, sphinganine and
sphingosine 1-phosphate in Wharton’s jelly of umbilical cords in women with PE compared to
the control group [39]. These studies are actually not in opposition to those mentioned above
because it can be assumed that there is some pathomechanism that links the increase of sphingolipid content in placental tissue, decrease in umbilical artery and increase in Wharton’s jelly.
This relationship should be examined in detail in the future. It is worth noting that the relationship of sphingolipids in different parts of the placenta is not direct because the umbilical
cord artery and Wharton’s jelly are not directly connected with spiral arteries.
In the international scientific literature, there is not much research on sphingolipids in the
plasma of women with PE; this is a very poorly studied topic. In our research, we demonstrated
a statistically significant increase in eight sphingolipids in the plasma of women with PE: Sph,
S1P, C20-Cer, C18-Cer, C16-Cer, C18:1-Cer, C22-Cer, and C24:1-Cer. Our results confirmed
the data obtained in other research, revealing elevated ceramides levels, including C16-Cer,
C18-Cer, C20-Cer and C24-Cer, in the plasma of PE patients relative to those found in control
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normotensive women [37]. However, these studies showed a decrease in S1P in the serum of
women with PE, which is contrary to that found in our study showing an elevated level of S1P
in the plasma of women with PE.
Sigruener et al. showed results from a large cohort—LURIC study (3600 individuals)–on
the mortality and morbidity in relation to individual sphingolipid species. It was shown that
the differences in the lipotoxicity of individual short-chain ceramide species and their resemblance to short chain saturated fatty acids are responsible for endoplasmic reticulum stress,
mitochondrial damage and subsequent activation of autophagy and apoptosis. Scientists
revealed that five Cer species were significantly associated with mortality: three showed a positive association with mortality (16∶0, 18∶0, 24∶1) and the remaining two Cer species (23∶0, 24∶0)
were slightly protective. Phosphatidylcholine (PC) 32∶0 (probably PC 16∶0/16∶0) and sphingomyelin (SM 16∶0) together with Cer 24∶1 showed the strongest positive association with mortality. Interestingly, similar tendencies were observed for 16∶0, 23∶0, 24∶0 and 24∶1 SM and Cer
species. These results clearly show that ceramides play a major role in lipotoxicity [40].
As mentioned above, sphingolipids play an important role in apoptosis, oxidative stress and
cell autophagy; therefore, our results showing increased levels of long-chain ceramides confirm
this theory. Young et al. noted that Sph, C16, C18, and C20 ceramides play a vital role in antiproliferative processes and C16 and C18 ceramides are also proapoptotic. Interestingly, some
sphingolipids, such as S1P, act contrary to long-chain ceramides and "switch” autophagy
towards cell survival through the activation of ERK and suppression of ceramide-induced JNK
activation [30,41]. Thus, the elevated levels of S1P in PE could be a compensating and counteracting mechanism for proapoptotic ceramides. Moreover, ceramide C24: 1 has a proliferative
effect; therefore, it may act similar to S1P (a compensatory effect) [42]. S1P also induces the
activation of inflammatory mediators, such as VCAM-1, ICAM-1 and COX, which are elevated in both blood and placenta during preeclampsia [43–45]. Furthermore, a study conducted by Seki et al. [46] on female C57BL/6 mice implicates (the role of) S1P in the process of
Th1 and Th17 cell migration. Both cell fractions are elevated during pregnancies complicated
by hypertension and proteinuria [47]. Sph, C16, C18, and C20 ceramides activate apoptosis
through a mitochondrial pathway involving the proapoptotic Bax protein, however sphingosine activates the lysosome apoptosis pathway first [30]. Furthermore, scientists revealed a
significant increase in the level of C24:1 and C24:0 ceramides in plasma in humans with hypertension, additionally suggesting their role in PE [20].
Sphingolipids have also been implicated in the endothelium-dependent release of tromboxane A2 (TXA2), contributing to endothelial dysfunction and elevation of arterial blood pressure [20]. The elevated level of TXA2 is one of the biochemical markers of preeclampsia
development [48]. Chen et al. found an increased concentration of TXA2 (role of activation of
platelet aggregation) in the plasma of women with PE and a decrease in the concentration of
prostacyclin PGI2 (role of vasodilation and inhibition of platelet aggregation) [49]. S1P is primarily produced by blood platelets, and platelet aggregation stimulated by TXA2 may result in
thrombocytopenia [49]. In contrast to our study, Melland-Smith et al. showed reduced levels
of S1P in the serum of women with PE; this finding can be explained by the low platelet count
in women with PE [37]. However, such a mechanism does not always exist because researchers
found that in mild PE (studied by our team), thrombocytopenia does not always occur [50].
Moreover, ceramides, which are among the most important sphingolipids, are involved in
growth inhibition and apoptosis of cardiac and vascular tissues because of their influence on
angiotensin II type 2 receptors, which have a role in blood pressure regulation [51,52].
In this publication, we showed that selected sphingolipids may play a role in the pathomechanism of apoptosis and autophagy in PE. In the international literature, not enough relevant
research has focused on the role of sphingolipids in the pathogenesis of this disease. However,
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because of the complexity of the pathomechanism responsible for preeclampsia, further functional experiments should be performed.

Supporting information
S1 File. Raw data of sfingolipid concentration in plasma and 3 fractions, presented in ng/
100ul.
(XLSX)
S2 File. ANOVA analysis of results in plasma.
(XLSX)
S3 File. ANOVA analysis of results in erythrocytes.
(XLSX)
S4 File. ANOVA analysis of results in plasma fraction.
(XLSX)
S5 File. ANOVA analysis of results in platelets fraction.
(XLSX)

Acknowledgments
This work was supported by grant numbers: 2015/19/N/NZ5/01434 from National Science
Centre, Poland and 101/KNOW/2015, 36/KNOW/2013 from The Leading National Scientific
Center, Medical University of Bialystok, Poland. Study sponsored by a Polpharma Scientific
Foundation. The manuscript has undergone professional English editing by Elsevier editors.
Details of ethics approval: The study protocol was approved by the Local Ethical Committee of
Medical University of Bialystok, Poland, and an informed consent was obtained from each
patient (no ethics committee approval: R-I-002/377/2016).

Author Contributions
Conceptualization: KC PL.
Data curation: KC JG.
Formal analysis: KC JG PL.
Funding acquisition: KC PL.
Investigation: KC AS AB-Z JK AC GR PL.
Methodology: KC PL AB-Z.
Project administration: KC PL.
Resources: KC AS AB-Z JK AC GR PL.
Supervision: KC PL.
Writing – original draft: KC AS PL.
Writing – review & editing: KC AS AB-Z JK AC GR PL.

PLOS ONE | https://doi.org/10.1371/journal.pone.0177601 May 19, 2017

9 / 12

Sphingolipid analysis in preeclampsia

References
1.

Anderson UD, Olsson MG, Kristensen KH, Akerstrom B, Hansson SR. Review: Biochemical markers to
predict preeclampsia. Placenta. 2012; 33 Suppl:S42–7.

2.

Kim YJ. Pathogenesis and promising non-invasive markers for preeclampsia. Obstet Gynecol Sci.
2013; 56(1):2–7. https://doi.org/10.5468/OGS.2013.56.1.2 PMID: 24327973

3.

Young BC, Levine RJ, Karumanchi SA. Pathogenesis of preeclampsia. Annu Rev Pathol. 2010; 5:173–
92. https://doi.org/10.1146/annurev-pathol-121808-102149 PMID: 20078220

4.

Davison JM, Homuth V, Jeyabalan A, Conrad KP, Karumanchi SA, Quaggin S, et al. New aspects in
the pathophysiology of preeclampsia. J Am Soc Nephrol. 2004; 15(9):2440–8. https://doi.org/10.1097/
01.ASN.0000135975.90889.60 PMID: 15339993

5.

Carty DM, Delles C, Dominiczak AF. Novel Biomarkers for Predicting Preeclampsia. Trends Cardiovasc
Med. 2008; 18(5–24):186–94.

6.

Carty DM, Siwy J, Brennand JE, Zurbig P, Mullen W, Franke J, et al. Urinary proteomics for prediction
of preeclampsia. Hypertension. 2011; 57(3):561–9. https://doi.org/10.1161/HYPERTENSIONAHA.110.
164285 PMID: 21199994

7.

Holland WL, Summers SA. Sphingolipids, insulin resistance, and metabolic disease: new insights from
in vivo manipulation of sphingolipid metabolism. Endocr Rev. 2008; 29(4):381–402. https://doi.org/10.
1210/er.2007-0025 PMID: 18451260

8.

Koonen DP, Glatz JF, Bonen A, Luiken JJ. Long-chain fatty acid uptake and FAT/CD36 translocation in
heart and skeletal muscle. Biochim Biophys Acta. 2005; 1736(3):163–80. https://doi.org/10.1016/j.
bbalip.2005.08.018 PMID: 16198626

9.

Kang SC, Kim BR, Lee SY, Park TS. Sphingolipid metabolism and obesity-induced inflammation. Front
Endocrinol (Lausanne). 2013; 4:67.

10.

Bounds KR, Newell-Rogers MK, Mitchell BM. Four Pathways Involving Innate Immunity in the Pathogenesis of Preeclampsia. Front Cardiovasc Med. 2015; 2:20. https://doi.org/10.3389/fcvm.2015.00020
PMID: 26664892

11.

Siddiqui I. Maternal Serum Lipids in Women with Pre-eclampsia. Ann Med Health Sci Res. 2014; 4
(4):638–41. https://doi.org/10.4103/2141-9248.139358 PMID: 25221720

12.

Lima VJ, Andrade CR, Ruschi GE, Sass N. Serum lipid levels in pregnancies complicated by preeclampsia. Sao Paulo Med J. 2011; 129(2):73–6. PMID: 21603783

13.

Lim MY, You HJ, Yoon HS, Kwon B, Lee JY, Lee S, et al. The effect of heritability and host genetics on
the gut microbiota and metabolic syndrome. Gut. 2016.

14.

Ganss R. Maternal Metabolism and Vascular Adaptation in Pregnancy: The PPAR Link. Trends Endocrinol Metab. 2017; 28(1):73–84. https://doi.org/10.1016/j.tem.2016.09.004 PMID: 27789100

15.

Andraweera PH, Gatford KL, Dekker GA, Leemaqz S, Jayasekara RW, Dissanayake VH, et al. The
INSR rs2059806 single nucleotide polymorphism, a genetic risk factor for vascular and metabolic disease, associates with pre-eclampsia. Reprod Biomed Online. 2017.

16.

Laakso M, Kuusisto J, Stancakova A, Kuulasmaa T, Pajukanta P, Lusis AJ, et al. METabolic Syndrome
In Men (METSIM) Study: a resource for studies of metabolic and cardiovascular diseases. J Lipid Res.
2017.

17.

Laresgoiti-Servitje E. A leading role for the immune system in the pathophysiology of preeclampsia. J
Leukoc Biol. 2013; 94(2):247–57. https://doi.org/10.1189/jlb.1112603 PMID: 23633414

18.

Romanowicz L, Bańkowski E. Preeclampsia-associated alterations in sphingolipid composition of the
umbilical cord artery. Clin Biochem. 2009; 42(16–17):1719–24. https://doi.org/10.1016/j.clinbiochem.
2009.07.011 PMID: 19616530

19.

Johnstone ED, Chan G, Sibley CP, Davidge ST, Lowen B, Guilbert LJ. Sphingosine-1-phosphate inhibition of placental trophoblast differentiation through a G(i)-coupled receptor response. J Lipid Res. 2005;
46(9):1833–9. https://doi.org/10.1194/jlr.M500095-JLR200 PMID: 15995175

20.

Spijkers LJ, van den Akker RF, Janssen BJ, Debets JJ, De Mey JG, Stroes ES, et al. Hypertension is
associated with marked alterations in sphingolipid biology: a potential role for ceramide. PLoS One.
2011; 6(7):e21817. https://doi.org/10.1371/journal.pone.0021817 PMID: 21818267

21.

Yang J, Yu Y, Sun S, Duerksen-Hughes PJ. Ceramide and other sphingolipids in cellular responses.
Cell Biochem Biophys. 2004; 40(3):323–50. https://doi.org/10.1385/CBB:40:3:323 PMID: 15211031

22.

Błachnio-Zabielska A, Baranowski M, Wójcik B, Górski J. Reduction of ceramide de novo synthesis in
solid tissues changes sphingolipid levels in rat plasma, erythrocytes and platelets. Adv Med Sci. 2016;
61(1):72–7. https://doi.org/10.1016/j.advms.2015.09.006 PMID: 26521206

23.

Blachnio-Zabielska AU, Persson XM, Koutsari C, Zabielski P, Jensen MD. A liquid chromatography/tandem mass spectrometry method for measuring the in vivo incorporation of plasma free fatty acids into

PLOS ONE | https://doi.org/10.1371/journal.pone.0177601 May 19, 2017

10 / 12

Sphingolipid analysis in preeclampsia

intramyocellular ceramides in humans. Rapid Commun Mass Spectrom. 2012; 26(9):1134–40. https://
doi.org/10.1002/rcm.6216 PMID: 22467464
24.

Laudanski P, Charkiewicz K, Kisielewski R, Kuc P, Koc-Zorawska E, Raba G, et al. Plasma C16-Cer
levels are increased in patients with preterm labor. Prostaglandins Other Lipid Mediat. 2016; 123:40–5.
https://doi.org/10.1016/j.prostaglandins.2016.04.005 PMID: 27184754

25.

Charkiewicz K, Blachnio-Zabielska A, Zbucka-Kretowska M, Wolczynski S, Laudanski P. Maternal
plasma and amniotic fluid sphingolipids profiling in fetal Down syndrome. PLoS One. 2015; 10(5):
e0127732. https://doi.org/10.1371/journal.pone.0127732 PMID: 26000716

26.

WILCOXON F. Individual comparisons of grouped data by ranking methods. J Econ Entomol. 1946;
39:269. PMID: 20983181

27.

SHAPIRO SS, WILK MB. An analysis of variance test for normality (complete samples). 1965.

28.

Levene H. Robust tests for equality of variances. Contributions to Probability and Statistics: Essays in
Honor of Harold Hotelling. Stanford University Press. 1960; 1:278–92.

29.

Hannun YA. Functions of ceramide in coordinating cellular responses to stress. Science. 1996; 274
(5294):1855–9. PMID: 8943189

30.

Young MM, Kester M, Wang HG. Sphingolipids: regulators of crosstalk between apoptosis and autophagy. J Lipid Res. 2013; 54(1):5–19. https://doi.org/10.1194/jlr.R031278 PMID: 23152582

31.

Thadhani R, Mutter WP, Wolf M, Levine RJ, Taylor RN, Sukhatme VP, et al. First trimester placental
growth factor and soluble fms-like tyrosine kinase 1 and risk for preeclampsia. J Clin Endocrinol Metab.
2004; 89(2):770–5. https://doi.org/10.1210/jc.2003-031244 PMID: 14764795

32.

Soleymanlou N, Jurisica I, Nevo O, Ietta F, Zhang X, Zamudio S, et al. Molecular evidence of placental
hypoxia in preeclampsia. J Clin Endocrinol Metab. 2005; 90(7):4299–308. https://doi.org/10.1210/jc.
2005-0078 PMID: 15840747

33.

Redman CW, Sargent IL. Latest advances in understanding preeclampsia. Science. 2005; 308
(5728):1592–4. https://doi.org/10.1126/science.1111726 PMID: 15947178

34.

Merrill AH. De novo sphingolipid biosynthesis: a necessary, but dangerous, pathway. J Biol Chem.
2002; 277(29):25843–6. https://doi.org/10.1074/jbc.R200009200 PMID: 12011104

35.

Kitatani K, Sheldon K, Anelli V, Jenkins RW, Sun Y, Grabowski GA, et al. Acid beta-glucosidase 1 counteracts p38delta-dependent induction of interleukin-6: possible role for ceramide as an anti-inflammatory lipid. J Biol Chem. 2009; 284(19):12979–88. https://doi.org/10.1074/jbc.M809500200 PMID:
19279008

36.

Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons from sphingolipids. Nat Rev Mol
Cell Biol. 2008; 9(2):139–50. https://doi.org/10.1038/nrm2329 PMID: 18216770

37.

Melland-Smith M, Ermini L, Chauvin S, Craig-Barnes H, Tagliaferro A, Todros T, et al. Disruption of
sphingolipid metabolism augments ceramide-induced autophagy in preeclampsia. Autophagy. 2015; 11
(4):653–69. https://doi.org/10.1080/15548627.2015.1034414 PMID: 25853898

38.

Ermini Leonardo C I, Melland-Smith Megan, Post Martin. Mass Spectrometry Imaging of Sphingolipids
in Preeclamptic Placentae. 2013; 34(9):A10.

39.

Romanowicz L, Bańkowski E. Altered sphingolipid composition in Wharton’s jelly of pre-eclamptic newborns. Pathobiology. 2010; 77(2):78–87. https://doi.org/10.1159/000278289 PMID: 20332667

40.

Sigruener A, Kleber ME, Heimerl S, Liebisch G, Schmitz G, Maerz W. Glycerophospholipid and sphingolipid species and mortality: the Ludwigshafen Risk and Cardiovascular Health (LURIC) study. PLoS
One. 2014; 9(1):e85724. https://doi.org/10.1371/journal.pone.0085724 PMID: 24465667

41.

Cuvillier O, Pirianov G, Kleuser B, Vanek PG, Coso OA, Gutkind S, et al. Suppression of ceramidemediated programmed cell death by sphingosine-1-phosphate. Nature. 1996; 381(6585):800–3. https://
doi.org/10.1038/381800a0 PMID: 8657285

42.

Hartmann D, Lucks J, Fuchs S, Schiffmann S, Schreiber Y, Ferreirós N, et al. Long chain ceramides
and very long chain ceramides have opposite effects on human breast and colon cancer cell growth. Int
J Biochem Cell Biol. 2012; 44(4):620–8. https://doi.org/10.1016/j.biocel.2011.12.019 PMID: 22230369

43.

Yogi A, Callera GE, Aranha AB, Antunes TT, Graham D, McBride M, et al. Sphingosine-1-phosphateinduced inflammation involves receptor tyrosine kinase transactivation in vascular cells: upregulation in
hypertension. Hypertension. 2011; 57(4):809–18. https://doi.org/10.1161/HYPERTENSIONAHA.110.
162719 PMID: 21383307

44.

Kim SY, Ryu HM, Yang JH, Kim MY, Ahn HK, Lim HJ, et al. Maternal serum levels of VCAM-1, ICAM-1
and E-selectin in preeclampsia. J Korean Med Sci. 2004; 19(5):688–92. https://doi.org/10.3346/jkms.
2004.19.5.688 PMID: 15483345

PLOS ONE | https://doi.org/10.1371/journal.pone.0177601 May 19, 2017

11 / 12

Sphingolipid analysis in preeclampsia

45.
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