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Abstract

Background: Hepatic lipid accumulation is closely related to the development of insulin resistance, which is regarded
as one of the most significant risk factors of nonalcoholic fatty liver disease (NAFLD). Although the exact molecular
pathway leading to impaired insulin signaling has not been definitively established, ceramides are suspected mediators
of lipid induced hepatic insulin resistance. Therefore, the aim of the study was to evaluate the serum ceramides
concentration in obese children with NAFLD.

Methods: The prospective study included 80 obese children (aged 7-17 years, median 12 years) admitted to
our Department to diagnose initially suspected liver disease. Patients with viral hepatitis (HCV, HBV, CMV), autoimmune
(AIH), toxic and metabolic (Wilson's disease, alfa-1-antitrypsin deficiency) liver diseases and celiac disease were
excluded. NAFLD was diagnosed based on pediatric diagnostic criteria in obese children with liver steatosis
in ultrasound (US) as well as elevated alanine transaminase (ALT) serum activity after exclusion of other major
liver diseases listed before. Ultrasonography was used as a screening method and for qualitative assessment
of the steatosis degree (graded according to Saverymuttu scale). Advanced steatosis was defined as a score
> 1. The total intrahepatic lipid content (TILC) was assessed by magnetic resonance proton spectroscopy ("HMRS)
which is the most accurate technique for assessment of ectopic fat accumulation. Fasting serum concentration of
ceramides was measured in 62 children.

Results: NAFLD was diagnosed in 31 children. Significant, positive correlation was found between total serum
concentration of ceramides and insulin (r=0.3, p =0.02) and HOMA-IR (r =0.28, p = 0.03). Total ceramide concentration
as well as specific fatty acid-ceramides (FA-ceramides) concentrations, namely: myristic, palmitic, palmitoleic, stearic,
oleic, behenic and lignoceric were significantly higher (p = 0.004, p = 0.003, p =0.007, p < 0.001, p =0.035, p = 0.008,

p =0.003, p =0.006, respectively) in children with NAFLD compared to controls (n = 14). Moreover, children with
NAFLD had significantly higher activity of ALT (p <0.001) and GGT (p <0.001), HOMA-IR (p =0.04), BMI (p =0.
046), waist circumference (p = 0.01) steatosis grade in ultrasound (p < 0.001) and TILC in THMRS (p <0.001) compared to
children without NAFLD. We did not find significant differences in total and FA-ceramide species concentrations between
children with mild (grade 1) and advanced liver steatosis in ultrasonography (grade 2-3).

Conclusion: Elevated ceramide concentrations in obese patients together with their significant correlation with insulin
resistance parameters suggest their association with molecular pathways involved in insulin signaling impairment known
to be strongly linked to pathogenesis of non-alcoholic fatty liver disease.
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Background

Childhood obesity caused mostly by sedentary lifestyle
and hypercaloric diet has become a major worldwide
health problem [1]. The global prevalence of obesity
among children aged 5-19 is estimated to be 5.6% in
girls and 7.8% in boys [2]. In Poland, the prevalence
of overweight and obesity among children aged 7-
18 years is reported to be over 14% in girls and over
18% in boys [3]. Following the current epidemic of
obesity, the incidence of nonalcoholic fatty liver dis-
ease (NAFLD) has risen as well, making it a most
common liver pathology worldwide. [4-6]. Certain
features of metabolic syndrome such as visceral obes-
ity, type 2 diabetes, hypertension and cardiovascular
disease are the most common comorbidities of
NAFLD. However NAFLD connection to metabolic
syndrome is complex and bi-directional - the
cause-and-effect relationship between them is still at
the debate [7-9]. The term NAFLD has been applied
to different degrees of liver steatosis — it includes
changes from simple fat accumulation to steatohepati-
tis and fibrosis. NAFLD pathogenesis has not yet been
fully established. A growing body of evidence suggest
‘multiple hits hypothesis’ based on assumption that
lipid accumulation accompanied by insulin resistance
increase susceptibility to liver damage by multiple fac-
tors such as lipotoxicity, adipocytokines, gut - derived
endotoxin, endoplasmic reticulum stress and others
[10]. Lipotoxicity, a process involving lipid induced
oxidative stress, inflammation and cell death is among
most commonly investigated mechanisms of liver in-
jury. It has been recently established that not only
the quantity but also quality of accumulated lipids
plays a major role in NAFLD pathogenesis. A growing
body of evidence suggest that it is the type of lipids,
their relative amount and interplay that is of central
importance in the process of lipotoxicity [11, 12].
Therefore the contribution of certain lipid species to
NAFLD pathogenesis is commonly discussed. Al-
though triglycerides represent a major class of accu-
mulated lipids responsible for steatosis, they have
been considered protective against cell injury [13].
Sphingolipids are another group of lipids that play
significant role in cell homeostasis. They may serve as
structural and signaling molecules or be transported
to plasma lipoproteins. Many studies suggest their im-
portant role in metabolic syndrome. Altered sphingo-
lipids metabolism has been found in obesity, type 2
diabetes, atherosclerosis and cardiovascular disease
[14]. A recent review on the literature indicates that
amongst sphingolipids ceramides (CER) may be the
main lipid species involved in lipotoxicity during
NAFLD [15, 16]. They have been also identified,
alongside diacylglycerols as major mediator of lipid —
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induced insulin resistance and other cellular processes
strongly linked to NAFLD - fat accumulation, oxida-
tive stress, inflammation and cell death [17-20]. Some
studies suggest that certain FA-ceramide species may
be more pathogenic than the other ones. Ceramides
containing long side chains such as palmitic (CER
16:0) and stearic (CER 18:0) are suspected to be
major molecules involved in insulin resistance and
hepatic steatosis [21, 22]. In recent years there has
been considerable interest in the role of different lipid
species in the pathogenesis of metabolic diseases
however our knowledge on this subject in pediatric
patients is based on limited data. Therefore the main
aim of our research was to evaluate the serum cera-
mides concentration and their correlation with the
steatosis degree, anthropometric measurements, insu-
lin resistance and other biochemical parameters in
obese children with NAFLD. The purpose of this ana-
lysis is to determine if ceramides are related to
NAFLD pathogenesis and if they correlate with dis-
ease severity. Another objective of the study was to
investigate if they may serve as a possible molecular
mediator of lipid-induced hepatic insulin resistance.

Methods

The prospective study included 80 children (60 males
and 20 females) at median age 12 (7-17 years) with
body mass index (BMI) > 95th percentile admitted to
our department to diagnose initially suspected liver
disease (elevated serum alanine aminotransferase
(ALT) activity and/or ultrasonographic liver brightness
and/or hepatomegaly). Patients with viral hepatitis
(HCV, HBV, CMV), autoimmune (AIH), toxic (drug
induced liver injury), selected metabolic liver diseases
(Wilson’s disease, alfa-1-—antitrypsin deficiency cystic
fibrosis) and coeliac disease were excluded. Written
informed consent was obtained from parents and all
participants older than 16 years old. Reference group
included 15 children with normal BMI (<85th per-
centile), without any somatic organ pathology at simi-
lar age and sex. The protocol was approved by the
Bioethics Committee of the Medical University of Bia-
lystok in accordance with the Declaration of Helsinki.
All children underwent anthropometric measure-
ments, their BMI was calculated and the correspond-
ing percentile for their age and sex was established
using OLAF growth charts [23]. The laboratory tests
included activity of ALT, gamma glutamyltransferase
(GGT), lipid profile (total cholesterol, lipoprotein-HDL
and LDL, triglycerides) and insulin resistance indicators
(glucose and insulin levels, calculated homeostasis model
assessment-estimated insulin resistance (HOMA-IR) [24]).
Ultrasonography was performed as a screening for liver
steatosis in the beginning of the diagnostic process. The
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qualitative assessment of the degree of liver steatosis
(graded according to Saverymuttu scale [25] was performed
in a blinded fashion by ultrasonography performed by one
radiologist. Advanced steatosis was defined as a score > 1.
Nonalcoholic fatty liver disease was diagnosed based on cri-
teria proposed by ESPGHAN Hepatology Commitee on
diagnosing NAFLD in children. In pediatric clinical practice
NAFLD diagnosis is suggested by finding liver steatosis in
ultrasonoghraphy and elevated serum alanine transaminase
activity in obese children with exclusion of other major
causes of liver disease listed earlier as exclusion criteria
[26]. The total intrahepatic lipid content (TILC) was
assessed in relative units (r.u) in comparison to the unsup-
pressed water signal by magnetic resonance proton spec-
troscopy (‘HMRS), which is acknowledged method for
accurate evaluation of ectopic fat accumulation [27]. 'HMR
spectroscopy was performed with a 1.5 T scanner
(Picker Eclipse) and with PRESS sequencing. Fasting
serum concentration of ceramides was measured in
62 children.

In order to quantify ceramides, a small volume of the
chloroform phase containing lipids was carefully injected
to a tube with N-palmitoyl-D-erythro-sphingosine (C17
base) as an internal standard. Thin-layer chromatog-
raphy silica plates (Kieselgel 60, 0.22 mm, Merck, Darm-
stadt, Germany) with a heptane:isopropyl ether:acetic
acid (60:40:3, vol/vol/vol) resolving solution were then
used to separate lipid fractions. To visualize lipid bands,
plates were sprayed with 0.2% solution of 3°7” -dichloro-
fluorescin in methanol. Utraviolet light was then used to
identify the bands using standards. The gel bands were
removed from the plate, placed in the screw tubes and
transmethylated with BF3/methanol. Next, HewlettPack-
ard 5890 Series II gas chromatograph with Varian CPSIL
capillary column (50 m 0.25 mm internal diameter) and
flame-ionization detector (Agilent Technologies, Santa
Clara, CA) was used to analyze fatty acid methyl esters
(FAMEs) dissolved in hexane. The temperature of in-
jector and detector was set at 250 C. The oven
temperature was increased linearly from 160 to 225 C at
a rate of 5 C/min. The long-chain fatty acids were quan-
tified according to the retention times of standards.
Total content of CER was estimated as the total of the
particular fatty acid species of the assessed fraction and
it was expressed in nanomoles per milliliter of the
serum. Statistical analysis was performed using Statistica
12.0 software. The serum concentrations of biochemical
parameters were expressed as median; 25-75 quartile
(Q1-Q3). Mann-Whitney two-sample test was used for
comparisons of nonparametric data. Correlations were an-
alyzed by the Spearman rank-correlation test for
non-parametric data and by the Pearson method for para-
metric data. The tests were considered statistically signifi-
cant at p < 0.05.
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Results

The research included eighty obese patients (60 males and
20 females) as a study group and 15 children with normal
BMI without any somatic organ pathology as a reference
group. Median BMI was 27.79 (25.85-31.85) kg/m?. Non-
alcoholic fatty liver disease was diagnosed in 31 children
(38.75%). Mild steatosis was diagnosed in 49 (61.25%) and
advanced in 31 (38.75%) children respectively. Insulin re-
sistance was observed in 62 individuals (77.50%). Charac-
teristics of the study group is presented in the Table 1.

Patients with the diagnosis of NAFLD had significantly
higher waist circumference (p <0.05), GGT activity
(p <0.001), HOMA-IR (p <0.05) and liver lipid content
in 'THMRS (p < 0.001) when compared to the rest of obese
patients. Similar differences were observed in comparison
between NAFLD patients and non-hepatopathic obese
children (no steatosis or ALT elevation) (Table 2).

Total ceramide concentration was significantly higher
in the study group than in the reference group (p <
0.001). Likewise, group of children with NAFLD re-
ported significantly higher total ceramide concentration
than the reference group (p =0.004) (Fig. 1). Selected
FA-ceramide concentrations assessed in the study group
in comparison to reference group are presented in
Table 3. Further analysis has shown that patients with
NAFLD had significantly higher concentration of certain
FA-ceramides when compared to reference group
(Table 4).

Significant, positive correlation was found between
serum total ceramide concentration and insulin concen-
tration (R =0.286) and HOMA-IR index (R =0.278)
(Fig. 2).

It did not correlate with transaminases, triglycerides,
total cholesterol, HDL — cholesterol, LDL — cholesterol
nor the amount of lipids measured in "HMRS. Moreover

Table 1 Characteristics of the study group (n =80)

Parameter Median (Q1-Q3
Age (years) 12 (11-15)

BMI (kg/m?) 27.8 (25.9-31.9)
Waist (cm) 94 (90-104)

ALT (1U/1) 35.5 (21.5-59.0)
GGT (IU/1) 21 (15.5-30.0)
Cholesterol (mg/dl) 177.5 (146.0-191.5)
HDL-cholesterol (mg/dl) 475 (39-54)

LDL - cholesterol (mg/dl) 995 (79.5-121.0)
Triglycerides (TG) (mg/dl) 107.5 (84.0-152.5)
Glucose (mg/dl) 92.0 (85.5-96.0)
Insulin (uIU/ml) 15.0 (11.7-19.9)
HOMA - IR 35 (2.6-4.5)

TILC (r.u) 107 (58-180)
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Table 2 Comparison of selected parameters between the group of NAFLD patients and non-hepatopathic obese patients

Parameter NAFLD group (n =31) Non - hepatopathic obese (n =12) P
Median (Q1-Q3) Median (Q1-Q3)

Age (years) 14 (11-16) 12 (10.5-14) ns

BMI (kg/mz) 28.1 (26.6-33.5) 26.2 (25.3-29.5) 0.035
Waist (cm) 98 (94-107) 87 (82-94) 0.004
ALT (1U/1) 64 (51-104) 18 (15-21) <0.001
GGT (1U/1) 30 (22-45) 15.0 (13.0-185) <0.001
Cholesterol (mg/dl) 181 (159-216) 162.5 (139.5-182.0) ns
HDL-cholesterol (mg/dl) 45 (40-51) 50.5 (41-55.5) ns
LDL - cholesterol (mg/dl) 105 (80-145) 89.5 (74.0-105.5) ns
Triglycerides (TG) (mg/dl) 140 (85-167) 87.5 (73.0-121.0) 0.037
Glucose (mg/dl) 93 (84-99) 91 (86-96) ns
Insulin (UIU/ml) 174 (13.8-21.0) 148 (10.3-17.7) ns
HOMA - IR 39 (2.8-4.8) 34 (23-38) ns
TILC (r.u) 172 (120-216) 29 (17-58) <0.001

CER lignoceric was positively correlated with HOMA-IR
and insulin (R = 0.276, R = 265 respectively).

Discussion

In the current research we assessed the concentration
of circulating ceramides (total and FA-ceramide spe-
cies) in obese pediatric patients in reference to their
clinical and laboratory data. The results of this study
show significantly higher total serum CER concentra-
tion in obese patients as well as patients with NAFLD
when compared to controls. Moreover, we observed
significantly higher levels of certain ceramides (C14:0,
C16:0, Cl6:1, C18:0, C18:1, C22:0, C24:0) in the
serum of obese children and patients with NAFLD in

comparison to reference group. Another important
finding was that total ceramide concentration was
positively correlated with HOMA-IR and insulin
levels.

In accordance with the present results, previous stud-
ies on humans and animals have demonstrated signifi-
cantly increased total serum CER concentrations and
specific FA — ceramides in obese populations [17, 18, 28].
However, among these studies, Haus et al. and Lopez et al.
reported higher ceramide concentrations in obese popula-
tions with type 2 diabetes, disease known to be independ-
ently related to increased serum CER levels. On the other
hand, study by Majumdar et al. did not report significant
elevation of neither total serum CER nor specific CER in

44

42

40

38

36

34

32

30

28

26

24

Total ceramide concentration [nmol/ml]

22

20

18

16

0 Median
[ 25-75%

NAFLD

Fig. 1 Total ceramide concentrations in serum of the patients with NAFLD (NAFLD) and reference group (Reference)

Reference T Min - Max




Wasilewska et al. Lipids in Health and Disease (2018) 17:216

Table 3 Differences between serum FA-ceramide (CER) (nmol/ml)
concentrations in study group and reference group

Ceramide (FA)

Study group  Reference group p value

M (Q1-Q3) M (Q1-Q3)

CER myristic (C14:0) 21(14-43) 09(0.7-1.2) < 0.001
CER palmitic (C16:0) 6 (6.7-104) 52 (4.8-6.8) <0.001
CER palmitoleic (C16:1) 0 (0.8-1.3) 6 (0.5-0.8) < 0.001
CER stearic (C18:0) 6 (4.5-7.6) 0 (3.6-4.5) < 0.005
CER oleic (C18:1) 8 (24-3.6) 1(1.9-28) < 0.005
CER linoleic (C18:2) 3 (0.0-1.0) 2 (0.0-0.7) ns

CER arachidic (C20:0) 5 (04-0.6) 4 (04-0.5) ns

CER linolenic (C18:3) 03 (02-03) 2 (0.2-03) ns

CER behenic (C22:0) 5(1.3-1.7) 3(1.1-14) <001
CER arachidonic (C20:4) 5 (04-0.7) 5 (04-0.7) ns

CER lignoceric (C24:0) 3 (2.8-4.1) 0 (2.6-3.3) <0.05
CER eicosapentaenoic (C20:5) 0.8 (0.7-0.9) 8 (0.7-0.9) ns

CER nervinic (C24:1) 3 (2.0-26) 0(1.9-2.2) ns

CER docosahexaenoic (C22:6) 0.7 (0.6-0.9) 7 (06-0.8) ns

the group of overweight children in comparison to lean
controls [29]. This discrepancy could be attributed to
smaller study group and differences in inclusion criteria
(overweight vs. obese). Previous studies on ceramide con-
centrations in NAFLD individuals performed on humans
and mice report findings which support the results of our
study. Significantly higher total CER concentration as well
as a major increase in C16:0, C22:0, C24:0, C24:1 in
NAFLD mice was noticed by Kasumov et al. [30]. Recent
data suggest a major role of C16-ceramides overaccumula-
tion in metabolic diseases, mainly due to impaired hepatic

Table 4 Differences between serum FA-ceramide (CER) (nmol/ml)
concentrations in children with NAFLD and reference group

Ceramide (FA)

NAFLD group Reference group p value

M (Q1-Q3) M (Q1-Q3)

CER myristic (C14:0) 19(1.3-23)  09(07-12) < 0.005
CER palmitic (C16:0) 8 (65-100) 5.2 (48-6.8) <0.01
CER palmitoleic (C16:1) 9 (0.7-1.1) 6 (0.5-0.8) < 0.001
CER stearic (C18:0) 2 (43-6.8) 0 3.6-4.5) <005
CER oleic (C18:1) 9 (24-3.7) 1(1.9-2.8) <0.05
CER linoleic (C18:2) 5(0.1-1.1) 2 (0.0-0.7) ns

CER arachidic (C20:0) 5 (0.4-0.6) 4 (04-0.5) ns

CER linolenic (C18:3) 3(0.2-04) 0.2 (0.2-0.3) ns

CER behenic (C22:0) 6 (14-1.7) 1.3 (1.1-14) <0.005
CER arachidonic (C20:4) 6 (04-0.7) 5 (04-0.7) ns

CER lignoceric (C24:0) 7 (3.0-4.1) 0 (2.6-3.3) <001
CER eicosapentaenoic (C20:5) 0.7 (0.7-0.9) 8 (0.7-0.9) ns

CER nervinic (C24:1) 3 (20-25) 0(1.9-2.2) ns

CER docosahexaenoic (C22:6) 0.7 (0.6-0.8) 7 (0.6-0.8) ns
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fatty acid oxidation. It has been hypothesized that
long-chain FA-ceramides such as C1l6-ceramide increase
liver susceptibility for diet-induced steatohepatitis and in-
sulin resistance in obese individuals [21, 31]. Increased
levels of C16:0 ceramide in serum of NAFLD patients
seem to be consistent with these studies. Luukkonen et al.
presented an elegant study on liver ceramide levels in
adults with nonalcoholic fatty liver disease and provided
an important evidence that ceramides may play a major
role in triggering insulin resistance in individuals with
NAFLD. In this study patients were divided into two
groups — ‘metabolic NAFLD’ defined by insulin — resist-
ance and PNPLA3 — associated NAFLD. The analysis re-
vealed higher levels of C16:0, C18:0, C19:0, C20:0, C22:0,
C24:1 dihydroceramides in the group of adults with ‘meta-
bolic NAFLD’ [22]. This study points out up that compos-
ition of hepatic fatty acids lipidome impacts patient’s
phenotype, unfortunately no correlation with plasma cera-
mides was done. Recent review on lipid accumulation in
pediatric patients with NAFLD also strongly highlights the
role of hepatic fat composition in progression of the dis-
ease and suggests some possible novel therapeutic targets
[12]. Positive correlation between total ceramide concen-
tration and insulin resistance parameters reported in this
study is consistent with other research performed on
adult and pediatric patients [17, 18, 22]. Taken to-
gether these studies provide important insights into
the possible link of ceramides to pathogenesis of non-
alcoholic fatty liver disease.

In the literature there are only few studies on serum
ceramide concentration in pediatric population. This is
a first study conducted in obese children with nonalco-
holic fatty liver disease investigating serum ceramide
concentration. The novelty of these findings is the main
strength of our study. However there are some limita-
tions to our study. We did not use histological examin-
ation in the diagnosis of NAFLD. According to
ESPGHAN Hepatology Committee liver biopsy is re-
quired for definitive diagnosis of NAFLD, but is not
proposed in screening [32]. This procedure is an ‘im-
perfect’ gold standard — it is invasive, there is a consid-
erable variability of sample and it provides only static
information. However it needs to performed in some
unclear cases to distinguish NAFLD from other liver
diseases. Other indications for liver biopsy include sus-
pected advanced disease, young age, hepatosplenome-
galy, considerable increase in ALT activity and before
pharmacological intervention. Our patients did not
meet these criteria, therefore liver biopsy was not
performed [33]. Another limitation of our study is a use
of indirect method of insulin resistance assessment
(HOMA-IR), while the euglycemic hyperinsulinemic
clamp technique is considered to be a golden standard
for insulin sensitivity evaluation [34].
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Conclusion

To conclude, the purpose of the current study was to de-
termine plasma ceramide concentration in obese adoles-
cents. Elevated ceramide concentrations in obese patients
together with their significant correlation with insulin re-
sistance parameters suggest their association with molecu-
lar pathways involved in insulin signaling impairment
known to be strongly linked to pathogenesis of
non-alcoholic fatty liver disease. Further work is needed
to determine exact role of ceramides in the pathogenesis
of this disease but in the future it may serve as clinical tool
and another potential therapeutic target.
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