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a  b  s  t  r  a  c  t

N-Stearoylethanolamine  (NSE)  is  a  minor  lipid  that  belongs  to  the  N-Acylethanolamines  family that  medi-
ates  a wide  range  of  biological  processes.  This  study  investigates  the  mechanisms  of  anti-inflammatory
action  of  NSE on  different  model  systems.  Namely,  we  estimated  the  effect  of  NSE  on  inflamma-
tory  cytokines  mRNA  level  (leukemia  cells  L1210),  cytokines  content  (serum  and  LPS-stimulated
macrophages)  and  nuclear  translocation  of NF-�B  (peritoneal  macrophages  LPS-stimulated  and  isolated
from  rats  with  obesity-induced  insulin  resistance).  The  results  indicated  that  NSE dose-dependently
eywords:
-Stearoylethanolamine
F-kB

nflammation
nsulin resistance
ytokines
-Acylethanolamines

inhibits  the  IL-1  and IL-6 mRNA  level  in  L1210  cells.  Furthermore,  the  NSE treatment  triggered  a normal-
ization  of serum  TNF-�  level  in  insulin  resistant  rats  and  a reduction  of  medium  IL-1  level  in LPS-activated
peritoneal  macrophages.  These  NSE’s effects  were  associated  with  the  inhibition  of  nuclear  NF-�B  translo-
cation  in  rat  peritoneal  macrophages.

©  2015 Elsevier  Inc.  All  rights  reserved.
. Introduction

N-Acylethanolamines (NAEs) are endogenous lipids that play
n important role in numerous physiological and pathological pro-
esses by interacting with cannabinoid (CB) and noncannabinoid
eceptors. Anandamide is the most studied cannabinoid ligand
hat activates CB, TRPV (transient receptor potential channels)
eceptors and exerts analgesic, anti-inflammatory properties. In
ddition, anandamide shows orexigenic and lipogenic effect on
nergy metabolism [1]. Other N-acylethanolamides, with satu-
Please cite this article in press as: Berdyshev AG, et al. N-Stearoylethan
by inhibition of NF-�B translocation. Prostaglandins Other Lipid Media

ated (N-stearoylethanolamine (NSE), N-palmytoylethanolamine)
r monounsaturated acyl chains (N-oleoylethanolamine) are
hought to be CB-receptor inactive. The numerous studies suggest
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that saturated and monounsaturated NAEs are natural activators
of peroxisome proliferator-activated receptors (PPARs). In particu-
lar, activation of the PPAR� and � isoforms has been shown to have
anti-inflammatory and anorexic effects in a variety of tissues, which
are likely to be connected with NAEs influence on NF-�B pathway
[2].

Obesity is closely associated with a state of chronic, low-grade
inflammation that causes the development of such world-spread
diseases as insulin resistance, diabetes type 2 and cancer. Nowa-
days, so popular among youngsters fast-food causes a progression
of abdominal obesity that reached the number of one and a half bil-
lion of people in the world, where more than 44% are people with
diabetes [3]. High saturated fat overload induces hypertrophy of
white adipose tissue that followed by macrophages activation and
inflammatory cytokine production (TNF�, IL-6). Primarily overex-
pression of TNF� contributes to systemic dyslipidemia progression,
insulin resistance and cancer growth “microenvironmental sur-
rounding” development [4,5]. It was  widely investigated that
cytokines production induces phosphorylation (via activation of
olamine suppresses the pro-inflammatory cytokines production
t (2015), http://dx.doi.org/10.1016/j.prostaglandins.2015.05.001

the I�B kinase complex) and subsequent proteasomal degradation
of I�B inhibitory proteins, activating NF�B for nuclear translocation,
where it promotes genes connected to pro-inflammatory mediators
synthesis [6]. The PPAR� receptor subtype appears to play a pivotal

dx.doi.org/10.1016/j.prostaglandins.2015.05.001
dx.doi.org/10.1016/j.prostaglandins.2015.05.001
http://www.sciencedirect.com/science/journal/10988823
mailto:kievlipids@gmail.com
mailto:kosiakova@hotmail.com
mailto:onop.89.av@mail.ru
mailto:rpanchuk@ukr.net
mailto:stoika.rostyslav@gmail.com
mailto:ngula@biochem.kiev.ua
mailto:secretar@biochem.kiev.ua
mailto:secretar@biochem.kiev.ua
mailto:secretar@biochem.kiev.ua
mailto:institut@cellbiol.lviv.ua
mailto:institut@cellbiol.lviv.ua
mailto:institut@cellbiol.lviv.ua
dx.doi.org/10.1016/j.prostaglandins.2015.05.001


 ING Model
P

2 & othe

r
i
t
c
I
i
s

N
l
w
t
n

2

2

t
i
o
s
(
i
(
p
i
3

2

(
r
N
c
o
f

f
m
w
a
a
d
p
r

t
i
b
a
t
a
(
s
N
o

f
a
t
(
u

Optimal conditions for RT-PCR analysis were chosen experimen-
tally: the temperature was  94, 55 and 72 ◦C (n = 30) for cytokine
cDNA, and 94, 65 and 72 ◦C (n = 25) for �-actin cDNA, used as a
reference gene. It is known, that �-actin belongs to a family of

Table 1
Primers used in the study.

IL-1�
Forward 5′-GCCAGTTGAGTAGGATAAAGG-3′

Reverse 5′-CAGTCTGTCTCCTTCTTGAGG-3′

IL-6
Forward 5′-TGGAGTCACAGAAGGAGTGGCTAAG-3′
ARTICLERO-6119; No. of Pages 6
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ole in the regulation of inflammation and dyslipidemia by block-
ng NF-�B nuclear translocation [7]. Previously, we have shown
hat NSE has anti-inflammatory action and accelerated the pro-
ess of burn wound healing in the rat by the inhibition of cytokine
L-1�, IL-6 and TNF� production [8]. It worth to note that anti-
nflammatory effect of N-palmitoylethanolamine (NPE) is widely
tudied, however, there is no experimental data about NSE.

Therefore, the aim of this study was to investigate the effect of
SE on inflammatory cytokine (IL-1�, IL-6 and TNF�) production in

eukemia cell culture, serum and macrophages medium from rats
ith obesity-induced insulin resistance. In addition, it is important

o determine whether this effect of NSE is associated with NF-�B
uclear translocation.

. Materials and methods

.1. Cell culture

The murine leukemic cells of the L1210 line were obtained from
he Cell Culture Collection of the R. E. Kavetsky Institute of Exper-
mental Pathology, Oncology and Radiobiology, National Academy
f Sciences of Ukraine (Kyiv, Ukraine), maintained in a suspen-
ion culture consisting of Dulbecco’s Minimum Essential Medium
Sigma Chemical Co., St. Louis, MO)  supplemented with 10% heat-
nactivated fetal calf serum (Sigma Chemical Co.) and gentamicin
50 �g/mL; Sigma Chemical Co.). The cells (0.5 × 106 in each sam-
le; n = 3) were seeded in 24-well plastic plates (Costar) and were

ncubated 24 h with NSE at different concentrations (10, 20 and
0 �M)  at 37 ◦C in a humidified atmosphere of 5% CO2 and 95% air.

.2. Animal model

The study was carried out on male Sprague-Dawley rats
188 ± 38 g). All procedures were conducted in accordance with the
ules of the Commission on Bioethics of Institute of Biochemistry,
ational Academy of Sciences and with the “General ethical prin-
iples on experiments with animals” of the 1st National Congress
n Bioethics (Kyiv, 2001). Rats were housed in standard cages with
ree access to food and water.

Obesity-induced IR was attained by feeding a prolonged high-
at diet (HFD) (58% fat: 23% proteins: 10% carbohydrates for 6

onths) as described earlier [9]. The amount of lipids in the diet
as increased by addition of lard to the pellet chow. The HFD fatty

cid composition was at a ratio of 55% saturated (24% palmitic
nd 28% stearic acid) to 45% unsaturated fatty acid. Control rats
uring the experiment were on normal pellet diet (4% fat: 23%
roteins: 65% carbohydrates) with saturated/unsaturated fatty acid
atio 38%/62%, respectively.

Six months after HFD period, we conducted the oral glucose
olerance test [10]. The results showed that after glucose admin-
stration (1 mL  of 50% glucose solution) to HFD rats the level of
lood glucose within 90 min  was 8.5 mM (in controls – 5.1 mM),
nd within 150 min  was higher than 5 mM (in controls – decreased
o normal levels – 3.8 mM).  The rats with impaired glucose toler-
nce were selected and divided into 2 groups: IR (n = 9) and IR + NSE
n = 10). Control rats with normal glucose tolerance were further
ubdivided into control (n = 10) and NSE (n = 7) groups. Animals in
SE and IR + NSE groups were orally received the water suspension
f NSE for 2 weeks at the dose of 50 mg  body weight kg−1.

The establishment of IR was confirmed based on the results of
asting plasma insulin levels (measured by ELISA kit, DRG Germany)
Please cite this article in press as: Berdyshev AG, et al. N-Stearoylethan
by inhibition of NF-�B translocation. Prostaglandins Other Lipid Media

nd HOMA-IR (homeostatic model assessment – insulin resis-
ance) value, calculated by fasting insulin (nM) × fasting glucose
mM)/22.5. At the end of the experiment, the rats were scarified
nder Nembutal anesthesia (50 mg/kg body weight). The whole
 PRESS
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blood samples were collected and centrifuged. After that, serum
was transferred into plastic tubes and frozen at −80 ◦C until further
analysis.

2.3. Peritoneal macrophages isolation procedure

After scarification rat resident peritoneal macrophages were
collected by lavaging the peritoneal cavity of rat (n = 6) with RPMI-
1640 and cultivated directly on glass cover-slips in a 35 mm dish
(1.6 × 106 cells in each sample) with 10 �L lipopolysaccharide (LPS)
solution (1 mg/mL  PBS) and water suspension of NSE (10−7 M).

2.4. Immunofluorescence confocal microscopy

The NF-�B activation was determined by immunofluorescence
assays by evaluating the nuclear translocation of p-65 (NF-�B). Cells
were fixed with 3.5% paraformaldehyde in PBS for 10 min  at room
temperature and permeabilized with 0.2% Triton X-100 (in PBS)
for 5 min. To investigate the cellular localization of NF-�B, cells
were treated with a polyclonal antibody (1:600) against NF-�B p65
(Sigma–Aldrich) for 1.5 h. After extensive washing with PBS, cells
were further incubated with a secondary FITC-conjugated donkey
anti-rabbit IgG antibody (Sigma–Aldrich) diluted at 1:500 in PBS for
1 h at a room temperature. Nuclei were stained with 0.5 �g/mL of
DAPI (Sigma–Aldrich), and then analyzed by confocal microscopy
using a Zeiss LSM 510 Meta microscope. Randomly, 30–150 cells
of each confocal image slide (1024 × 1024 pixels) were counted
with independently developed software based on ImageEn com-
ponent suite (Xequte Software, New Zealand) that calculated the
percentage of green pixels in the nucleus zone. The percentage of
FITC particles (p65 subunit of NF-�B) was  equal to green pixels.

2.5. Cytokine level measurement

The IL-1 level in culture supernatants and TNF-�, IL-6, IL-1 level
in rat serum were measured by the respective ELISA kits (eBio-
science, Austria).

2.6. RT-PCR analysis

RT-PCR analysis was used for evaluating the expression of mRNA
coding for several cytokines. Total RNA was  isolated from L1210
cells using Trizol reagent (Sigma, USA). mRNA (A260/A280 = 1.8 ± 0.1)
was converted to cDNA using “RevertAidTM First Strand cDNA
Synthesis Kit” (Fermentas, Lithuania). The obtained cDNAs were
subjected to RT-PCR analysis using specific primers for murine
cytokine cDNAs (Table 1).

2.7. Gene primer sequence
olamine suppresses the pro-inflammatory cytokines production
t (2015), http://dx.doi.org/10.1016/j.prostaglandins.2015.05.001

Reverse 5′-TCTGACCACAGTGAGGAATGTCCAC-3′

�-Actin
Forward 5′-TCACCCACACTGTGCCCATCTA-3′

Reverse 5′-CAGCGGAACCGCTCATTGCCAA-3′

dx.doi.org/10.1016/j.prostaglandins.2015.05.001
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Fig. 1. Effect of NSE on IL-1 (A) and IL-6 (B) production in L1210 cells. The level of cytokines mRNA were determined by RT-PCR analysis. IL, interleukin; NSE, N-
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IR rats with NSE shows the reduction of FITC particles percentage
in the nucleus to 20–30 (Fig. 4A) and to 50 (Fig. 4B), respectively.
In Fig. 4C a summarizing bar chart of FITC particles percentage is
presented.

Table 2
Plasma insulin level and HOMA-IR value in rat. Values are presented as mean ± SEM
(n = 6–10/group). *P < 0.05, compared to the “Control” group; #P < 0.05, compared to
the “IR” group. IR, insulin resistance; NSE, N-stearoylethanolamine.
tearoylethanolamine.

ousekeeping genes whose expression is assumed to be stable and
oes not differ in various types of cells.

The DNA products of PCR reaction were resolved in 1% agarose
el, visualized by ethidium bromide, and photographed by an
lympus C-5000 digital camera. The DNA bands were evaluated
uantitatively by using GelPro Analyzer 3.1 software.

.8. Data processing method

Data processing was  performed by calculating the average and
tandard deviation in the measurements for each group using the

indows statistical program SPSS 18.0. Repeated measures two-
ay (ANOVA) analysis was used to analyze the differences in the

roups, time and to identify group × time interactions. The t-test for
atching samples was performed to verify the differences before

nd after exercise within the exercise group for the interaction
nalysis. The significant level of all the statistics data is  ̨ = 0.05.

. Results

.1. Cytokines production in L1210 cells

The incubation of L1210 cells with NSE showed dose-dependent
nhibition of IL-1 (Fig. 1A) and IL-6 (Fig. 1B) production. The most
ffective NSE dose was 30 �M,  where IL-1, IL-6 mRNA expression
ere 70% and 95% lower in comparison with control cells.

.2. Animal weight, plasma insulin level and index HOMA-IR
alue

The initial weight of rats from “Control” and “IR” groups was
88 ± 38 g. Throughout the experiment, the rats were gaining
eight gradually and at the 24th week the final weigh of HFD rats
as 420 ± 10 g (due to visceral fat) in comparison with control rats

f 340 ± 15 g. After the HFD overload, the rat plasma insulin level
as almost 3-fold higher than in “Control” group (Table 2). The esti-
ation of HOMA-IR in “IR” group of rats showed significant increase
Please cite this article in press as: Berdyshev AG, et al. N-Stearoylethan
by inhibition of NF-�B translocation. Prostaglandins Other Lipid Media

n its value compare to controls (Table 2). Meanwhile, in IR rats
hat were treated by NSE the plasma level of insulin was 20% lower
han those of “IR” group and was accompanied by a reduction of
OMA-IR value (Table 2).
3.3. Rat serum cytokine content

Our results demonstrate that TNF-� level was 3-fold higher in
serum of rats from IR group compared to Control (Fig. 2A). The
administration of NSE normalized the TNF-� serum content in IR
rats. We  found no significant changes in control rats that were
treated by NSE.

Meanwhile, we have not found any considerable differences in
serum IL-1 and IL-6 level (Fig. 2B and C).

3.4. Cytokine level in culture medium of rat LPS-activated
peritoneal macrophages

In our study the LPS activation of peritoneal macrophages
caused the increase of IL-1 (Fig. 3) level. The incubation of
macrophages with NSE resulted in normalization of this cytokine
content.

3.5. NF-�B nuclear translocation in the macrophages

We found that in controls the percentage of luminescence inten-
sity in the nucleus was  20–40 (Fig. 4A). In control macrophages
stimulated by LPS (Fig. 4A) and macrophages isolated from IR rats
(Fig. 4B) the percentage of FITC particles was increased in the
nucleus to 60–70 and 70–80, respectively. The macrophages iso-
lated from IR rats showed the same level of nuclear FITC particles
as in IR macrophages after LPS stimulation that confirms activation
of peritoneal macrophages under obesity-induced IR. The incuba-
tion of LPS-stimulated control macrophages and macrophages from
olamine suppresses the pro-inflammatory cytokines production
t (2015), http://dx.doi.org/10.1016/j.prostaglandins.2015.05.001

Control IR IR + NSE

Insulin (nM) 2.3 + 0.09 6.36 + 0.4* 5.1 + 0.4*,#

НOМA-IR (e.u.) 0.38 + 0.01 1.34 + 0.12* 0.75 + 0.04#

dx.doi.org/10.1016/j.prostaglandins.2015.05.001
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Fig. 2. Serum content of TNF-� (A), IL-1 (B) and IL-6 (C) in rat. Values are pre-
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Fig. 3. Level of IL-1 in the culture supernatants of intact and LPS-activated
ented as mean ± SEM (n = 6–10/group). *P < 0.05, compared to the “Control” group;
P < 0.05, compared to the “IR” group. IL, interleukin; IR, insulin resistance; NSE,
-stearoylethanolamine; TNF-�, tumor necrosis factor-�.

. Discussion

The inflammation is thought to be the main and common factor
n the development of such pathologies as diabetes, cancer and car-
iovascular diseases. It is known that primarily cytokines (TNF-�,

L-1 (�,�), IL-6) initiate inflammatory process and are involved in
ts progression. Previously, the investigation of biological activity of
SE has shown its anti-inflammatory action at burn trauma in rats

hat was followed by faster wound healing, reduction of inflam-
atory cytokines level and restoration of pro-/antioxidant balance

8].
Please cite this article in press as: Berdyshev AG, et al. N-Stearoylethan
by inhibition of NF-�B translocation. Prostaglandins Other Lipid Media

In the following study we investigated whether NSE would show
ts anti-inflammatory action at other different model systems. Thus,

e studied the effect of NSE on the production of IL-6, IL-1 in
urine leukemic cells and found that these cytokines production
rat peritoneal macrophages. Values are presented as mean ± SEM (n = 6/group).
*P  < 0.05, compared to intact macrophages; #P < 0.05, compared to LPS-activated
macrophages. LPS, lipopolysaccharide; NSE, N-stearoylethanolamine.

was considerably decreased in cells that were treated by dif-
ferent concentrations of NSE. Recent data showed the crosslink
between inflammation and leukemia progression. Namely, human
IL-1 induced the production of stem cell factor, which is a major
hematopoietic growth factor that controls the progression of acute
myeloid leukemia upon malignant transformation of hematopoi-
etic myeloid cells [11]. Therefore, we propose that the decrease of
IL-1 production under the NSE treatment may  influence the growth
and proliferation of leukemic cells.

The LPS stimulation of macrophages induces the elevated
production of IL-1, TNF-�, IL-6, which trigger the inflammatory
response [12]. Our findings represented that the pre-incubation
of rat peritoneal macrophages with NSE resulted in a significant
decrease of IL-1 level after theirs LPS activation. According to this,
we suggest that NSE is able to suppress the IL-1 production that is
in agreement with the results obtained in L1210 cells.

It is well known that structural analogue of NSE–N-
palmitoylethanolamine (NPE) exerts anti-inflammatory activity by
inhibition of inflammatory cytokines production via PPAR� acti-
vation [13,14]. However, the earlier data presented no effect of
NPE on the IL-6 secretion and NF-�B translocation in the human
adipocytes [15]. Moreover, later results showed the inhibition by
NPE of the LPS-induced secretion of TNF-� in the human adipocytes
that was  not associated with PPAR� activation [16]. Unfortunately,
now there is no information about the effect of NPE on cytokines
synthesis in activated macrophages.

From investigations, under different pathological conditions the
ratio of endogenous NAEs significantly changes, particularly, anal-
ysis of human muscle tissue showed almost two-fold higher level
of NSE compared to NPE in myalgic subjects [17]. This finding
suggests an important role of NSE in regulation of inflamma-
tory response. In our experiment, at a rat model of HFD-induced
insulin resistance we found that NSE reduces serum TNF-� level.
Considering that TNF-� is primarily produced by NF-�B-dependent
mechanism in activated macrophages, we  studied the effect of NSE
on the NF-�B translocation in the nucleus of isolated peritoneal
macrophages from IR rats. It is worth to note, that the macrophages
from rats with IR were already activated and the further incu-
bation with LPS triggered no significant change. The obtained
results showed that the treatment by NSE of macrophages isolated
from IR rats triggered an inhibition of NF-�B translocation in the
nucleus. Nowadays it is known that NSE does not activate PPAR�,
however, we suggest that its biological properties may be real-
ized via PPAR�. Recent study indicate that up-regulation of heme
olamine suppresses the pro-inflammatory cytokines production
t (2015), http://dx.doi.org/10.1016/j.prostaglandins.2015.05.001

oxygenase-1 by PPAR� signaling activation promotes differentia-
tion of macrophages to anti-inflammatory phenotype and caused
an alleviation of the inflammatory pain development [18]. In addi-
tion, the mice knockout on macrophage PPAR� have demonstrated

dx.doi.org/10.1016/j.prostaglandins.2015.05.001
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Fig. 4. Distribution of FITC-labeled IgG antibody (P65) NF-�B in peritoneal macrophages from control (A) and IR (B) rats. (C) Graphical representation of % FITC-labeled IgG
antibody (P65) NF-�B in the nucleus of peritoneal macrophages (summarizing bar chart). Values are presented as mean ± SEM. Values in “Control” (n = 72), “Control + LPS”
(n  = 87), “Control + NSE + LPS” (n = 65), “IR” (n = 48), “IR + LPS” (n = 53), “IR + NSE + LPS” (n = 79) were comparable. *P < 0.05, compared to the “Control” group; #P < 0.05, compared
to  the “Control + LPS” group. IR, insulin resistance; LPS, lipopolysaccharide; NSE, N-stearoylethanolamine.

dx.doi.org/10.1016/j.prostaglandins.2015.05.001
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eightened inflammatory pathway activation, reduced glucose
ntolerance and insulin resistance on normal and high fat diets [19].
n our previous experiments at a model of obesity-induced insulin
esistance we have shown the corrective effect of NSE on pancreas,
iver dyslipidemia and improvement of insulin sensitivity [20,21]. It
s known that PPAR� regulates lipid metabolism in different tissues
nd its activation by exogenous agonists causes a normalization of
ipid composition and restoration of sensitivity to insulin [22].

Taking these findings into consideration, we suggest that bio-
ogical activity of NSE may  be realized via PPAR� modulation.
he preponderance of evidence points to a crosstalk between
PAR� and transcription factor NF-�B (trans-repression) [23,24].
odulation of this pathway by NSE may  be used in inhibition

f the inflammation/insulin resistance axis in diabetes type 2
omplications. Therefore, further investigations into the role of
SE on PPAR� activation are necessary for better understanding
f signaling mechanisms underlying the anti-inflammatory and
nsulin-sensitizing effect of NSE.

. Conclusions

The represented results show that the less studied member
f NAE’s family, NSE exerts anti-inflammatory action by down-
egulation of the pro-inflammatory cytokines expression and
eduction of theirs level. This NSE’s effect is associated with the
nhibition of NF-�B translocation into the nucleus that was  shown
n isolated from insulin resistant rats’ peritoneal macrophages.
herefore, we suggest that NSE is a perspective anti-inflammatory
gent and may  be used in pharmacotherapy of inflammatory-
ssociated diseases.
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