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Background: Lipopolysaccharide (LPS) is widely recognized as a potent activator of
monocytes/macrophages, and its effects include an altered production of key mediators, such as
inflammatory cytokines and chemokines. The involvement of G, protein in mediating LPS effects
has been demonstrated in murine macrophages and various cell types of human origin.
Purpose: The aim of the present work was to evaluate the potential of a G,-protein inhibitor
encapsulated in liposomes in reducing the inflammatory effects induced by LPS in monocytes/
macrophages.

Materials and methods: Guanosine 5'-O-(2-thiodiphosphate) (GOT), a guanosine diphosphate
analog that completely inhibits G-protein activation by guanosine triphosphate and its analogs,
was encapsulated into liposomes and tested for anti-inflammatory effects in LPS-activated
THP1 monocytes or THP1-derived macrophages. The viability of monocytes/macrophages
after incubation with different concentrations of free GOT or liposome-encapsulated GOT
was assessed by MTT assay. MAPK activation and production of IL1B3, TNFa, IL6, and
MCP1 were assessed in LPS-activated monocytes/macrophages in the presence or absence of
free or encapsulated GOT. In addition, the effect of free or liposome-encapsulated GOT on
LPS-stimulated monocyte adhesion to activated endothelium and on monocyte chemotaxis
was evaluated.

Results: We report here that GOT-loaded liposomes inhibited activation of MAPK and blocked
the production of the cytokines IL1B, TNFa, IL6, and MCP1 induced by LPS in monocytes
and macrophages. Moreover, GOT encapsulated in liposomes reduced monocyte adhesion and
chemotaxis. All demonstrated events were in contrast with free GOT, which showed reduced
or no effect on monocyte/macrophage activation with LPS.

Conclusion: This study demonstrates the potential of liposomal GOT in blocking LPS proin-
flammatory effects in monocytes/macrophages.

Keywords: guanosine 5’-O-(2-thiodiphosphate) (GOT), MAPK activation, cytokine, monocyte
adhesion, chemotaxis

Introduction

Monocytes and macrophages play critical roles in inflammatory and immune responses;
therefore, the modulation of their functions is a useful strategy for anti-inflammatory
therapies, including nanotherapies.' Lipopolysaccharide (LPS) is the major component
of Gram-negative bacteria cell walls and can cause an acute inflammatory response
by triggering the release of a vast number of inflammatory cytokines in various cell
types.? LPS is widely recognized as a potent activator of monocytes/macrophages.’
Bacterial LPS has been conventionally used to study inflammation, due to the
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abundance of inflammatory effects that it generates through
TLR4 signaling. Cellular activation triggered by LPS requires
extracellular proteins, including LBP and CD 14, which play
a role in transferring LPS to a signaling complex composed
of MD2 and MyD88.* CD14 is a glycosylphosphatidyliositol-
anchored plasma-membrane protein that associates physi-
cally with G/G_ heteromeric G proteins.’ The involvement
of G, in mediating LPS effects was first demonstrated in
murine macrophages, and since then it has been validated in
various cell types, including cells of human origin.®

Extensive studies have shown that in monocytes/
macrophages, LPS induces the production of cytokines, such
as TNFo, IL1J, IL6, IL8, IL10, IL12, IL15, and TGF, with
TNFo and IL6 being induced through activation of G.>"*
Moreover, the expression of MCP1, a potent chemotactic
factor belonging to the CC-chemokine family, has been
reported to be upregulated by various stimuli, including LPS,
in different cell types and p38 MAPK is considered a major
regulator in the production of MCP1.%!!

Considerable data support the idea that stimulation of
monocytes/macrophages with LPS leads to activation of
MAPK."> The family of MAPKSs includes ERK, JNK,
and p38 MAPK. MAPKSs phosphorylate different intracel-
lular proteins and transcription factors that subsequently
regulate gene expression. ERK proteins are activated by
endogenous or exogenous mitogens, cytokines, and growth
factors, and regulate cell proliferation, differentiation, and
survival.’ JNK and p38 MAPK are predominantly activated
by inflammatory cytokines (TNFo, and IL1P) and bacterial
LPS.!® Moreover, it has been shown that in monocytes/
macrophages, LPS induces p38 MAPK activation through
activation of G..° Studies utilizing pertussis toxin, which
specifically inhibits receptor-G, coupling by catalyzing the
adenosine diphosphate ribosylation of G , proteins, have
demonstrated inhibition of LPS-induced transcription of
TNFo and IL1 mRNA and inhibition of p38, JNK, and
ERK1/2 phosphorylation.'”

Considering all the evidence that G, proteins are important
regulators for the inflammatory effects of LPS in monocytes/
macrophages, cells with leading roles in cardiovascular
disease initiation and progression, and that a potent G, inhibi-
tor, guanosine 5-O-(2-thiodiphosphate) (GOT), reduced
inflammation in vascular cells, we evaluated in this study
the anti-inflammatory effects of free GOT and GOT encap-
sulated in liposomes (Lipo/GOT) on LPS-activated human
monocytes and macrophages.'®

We report here that Lipo/GOT blocked the produc-
tion of cytokines and chemokines, such as IL1B, TNFa,

IL6, and MCP1, and also inhibited activation of MAPK
induced by LPS in monocytes and macrophages. Moreover,
Lipo/GOT reduced monocyte adhesion and chemotaxis. All
demonstrated events were in contrast with free GOT, which
showed reduced or no effect on monocyte/macrophage
activation with LPS. This study demonstrates the potential
of Lipo/GOT in blocking LPS proinflammatory effects in
monocytes/macrophages.

Materials and methods

Materials

Enzyme-linked immunosorbent assay (ELISA) kits for IL1j3,
TNFa, IL6, and MCP1, and polyclonal rabbit antihuman/
mouse/rat phospho-p38 (T180/Y 182) antibody, polyclonal
rabbit antithuman p38 antibody, polyclonal rabbit antihuman
phospho-JNK (T183/Y185) antibody, monoclonal mouse
antihuman JNK panspecific antibody, polyclonal rabbit
antihuman phospho-ERK1/ERK2 antibody, and monoclonal
mouse human ERK1/ERK2 antibody were from R&D
Systems (Minneapolis, MN, USA). The transwell inserts
were from Corning (Corning, NY, USA).

Egg phosphatidylcholine (EPC), cholesterol, and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
(amino[polyethylene glycol]-2,000) (DSPE-PEG) came
from Avanti Polar Lipids (Alabaster, AL, USA). Amicon
centrifugal filter columns with a cutoff of 100 kDa were
from EMD Millipore (Billerica, MA, USA). Deionized
(18.2 MQ/cm) water was generated in-house using a Milli-Q
System from Millipore. GOT, LPS from Escherichia coli
serotype O111:B4, MTT, and all other reagents were from
Sigma-Aldrich (St Louis, MO, USA).

Cells

THP1 human monocytic cells (purchased from ECACC)
derived from an acute monocytic leukemia patient were
cultivated at 37°C in RPMI medium containing 10% heat-
inactivated FBS, 100 U/mL penicillin, 100 pg/mL streptomy-
cin, and 50 pg/mL neomycin in a humidified incubator with
5% CO,. THP1 cells were differentiated into macrophages
with 100 nM phorbol 12-myristate 13-acetate (PMA) for
72 hours prior to other treatments. For adhesion assays, the
human endothelial cell (HEC) line EA.hy926 (purchased
from ATCC) was used. Cells were grown in DMEM with
10% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin,
and 50 pug/mL neomycin in a humidified incubator with
5% CO, at 37°C. All cell lines used in this study were tested
regularly for Mycoplasma contamination.
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Preparation and characterization of GOT-

encapsulated liposomes

Liposomes were prepared from a mixture of EPC, cholesterol
and DSPE-PEG in chloroform, combined at a molar ratio of
69:30:1 mol%, and dried in a rotary evaporator. Multilamellar
vesicles were formed by hydrating the lipidic film with PBS
(Lipo) or with a solution containing the G, inhibitor GOT
(Lipo/GOT) at an inhibitor:lipid ratio of 1:5 to reach a final
lipid concentration of 10 mM. Unilamellar Lipo were formed
by successive extrusion of the multilamellar vesicles through
polycarbonate membranes with pores of 200 nm and 100 nm
using a miniextruder (Avanti Polar Lipids). To separate the
Lipo/GOT from free GOT, centrifugation with the Amicon
filtration units with 100 kDa cutoff was used.

Lipo size was determined by photon-correlation spec-
troscopy with a submicron-particle analyzer (Nicomp 380;
Particle Sizing Systems, Port Richey, FL, USA) employing
multimodal distribution. The Lipo suspension was diluted
into 0.22 um-filtrated PBS so as to reach a count rate of
250-350 kHz. Instrument parameters were set as follows:
automatic choice of channel width, vesicle mode, number
weighting, and automatic change from Gaussian distribution
mode to multimodal mode if y*>3.

The C-potential of Lipo was determined by electrophoretic
light scattering, which determines electrophoretic movement
of charged particles under an applied electric field, using a
Zetasizer Nano (Malvern Instruments, Malvern, UK). The
measurements were done at 25°C in DMEM, each result
being the average of measurements. The amount of GOT
encapsulated into Lipo was determined by high-performance
liquid chromatography employing an Agilent 1290 Infinity
with a Zorbax SB C , column (2.1x100 mm, 1.8 um). The
mobile phase consisted of 0.05 mM ammonium acetate at
pH 5.9. The flow rate was 0.2 mL/min, and GOT was detected
at 254 nm.

Experimental design

THP1 monocytes or THP1-derived macrophages, dif-
ferentiated as already described, were preincubated for
2 hours in culture medium containing 100 uM GOT, either
free or encapsulated into Lipo. Then, the monocytes and
macrophages were activated with 100 ng/mL LPS from
E. coli for an additional 24 or 48 hours. Free GOT and Lipo
in the presence or absence of LPS were used as controls.
GOT concentration was chosen based on our previous studies
that showed a blockade of monocyte transmigration induced
by the cytokine resistin through inhibition of inflammatory
molecule secretion (particularly the chemokines fractalkine

and MCP1) when endothelial or smooth-muscle cells were
treated with 100 uM GOT inhibitor.'®

Cytotoxicity evaluation

The viability of monocytes/macrophages after incubation
with free GOT, Lipo/GOT, or blank Lipo was assessed by
MTT assay. This technique measures intracellular purple
formazan produced in metabolically active cells after reduc-
tion of tetrazolium salt under the action of dehydrogenase
enzymes. THP1 monocytes and THP1-derived macrophages,
seeded in 96-well plates at a density of 10* cells/well, were
exposed for 24 and 48 hours to culture medium containing
different concentrations of free GOT, Lipo/GOT, or blank
Lipo. A 0.5% Triton X-100 solution was used as positive
control. At the end of incubation, the culture medium was
replaced with MTT solution (0.5 mg/mL in culture medium
without phenol red) for 3 hours at 37°C and 5% CO,. Then,
the MTT solution was removed and the formed formazan
crystals were solubilized for 4 hours at 37°C using a lysis
buffer (0.1 N HCI in isopropanol). Optical absorbance was
measured at 570 nm with the reference wavelength at 720 nm
on a microplate reader (Tecan Genios). Results are expressed
as percentages relative to results obtained with control cells
(cells exposed to culture medium).

MAPK-phosphorylation analysis

To assess the effect of GOT on the expression of MAP
kinases activated by LPS, THP1 monocytes were centrifuged
and THP1 differentiated to macrophages were washed in
ice-cold PBS. Cells were solubilized in Laemmli lysis buffer
(60 mM tris-HCI pH 6.8, 2% sodium dodecyl sulfate, 10%
glycerol, 5% B-mercaptoethanol, 0.01% bromophenol blue)
and heated to 100°C for 10 minutes. Total protein (50 ng)
was subjected to 10% polyacrylamide-gel electrophoresis and
transferred using a Trans Blot semidry system to nitrocel-
lulose membranes. The blots were blocked in tris-buffered
saline containing 1% BSA and subsequently incubated
overnight with antihuman antibodies for phospho-p38,
p38, phospho-JNK, JNK, phospho-ERK, and ERK. After
being washed, the membranes were incubated for 1 hour
with the secondary antibodies, washed, and incubated with
enhanced-chemiluminescence reagents and analyzed with
an ImageQuant LAS 4000 (GE Healthcare, Little Chalfont,
UK). Optical density was measured with Imagel software.
Quantification of phosphorylated MAPK proteins — pp38,
pIJNK, and pERK - was determined by normalization
to total, unphosphorylated protein: p38, JNK, and ERK,
respectively.
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Inflammatory cytokine immunoassay

The cytokines IL1, TNFa, and IL6 and the chemokine
MCPI1 released by monocytes and macrophages under the
conditions already mentioned were measured using DuoSet
ELISA kits (R&D Systems) according to the manufacturer’s
protocol. Unstimulated cells were used as controls. Briefly,
after LPS activation, the conditioned media was centrifuged
and kept at —20°C until analysis. One day before performing
ELISA assay, the microplate was coated with a capture anti-
body against the molecules. Standards, controls, and samples
were incubated for 2 hours, and the detection antibody for
an additional 2 hours. Streptavidin—-HRP was added to the
microplate and H,O,-tetramethylbenzidine used as a substrate
for HRP. The reaction was stopped using 2 N H,SO, and
optical density determined using a microplate reader. The
concentration of proteins released in the conditioned media
was calculated using the standard curve.

Monocyte-adhesion assay

THP1 monocytes were treated for 2 hours with free GOT
or Lipo/GOT, prior to their activation with 100 ng/mL LPS
for 24 hours. After activation, monocytes were labeled with
10 umol/L of the fluorescent dye 2'7’-bis(2-carboxyethyl)-
5(6)-carboxyfluorescein acetoxymethyl ester at 37°C for
1 hour in RPMI 1640 culture medium and subsequently
washed by centrifugation. Confluent HECs were stimulated
with LPS for 24 hours and then incubated with labeled mono-
cytes (10° cells/mL) at 37°C for 1 hour. Nonadherent cells were
removed by washing with warm culture medium and fixed
with 4% paraformaldehyde. Fluorescent monocytes adhered
to HECs were counted in three random fields under a fluores-
cence microscopy (Olympus IX81) using 10x magnification.

Monocyte chemotaxis

After exposure of THP1 monocytes to different conditions —
pretreatment with free GOT or Lipo/GOT and activation
with LPS — cells were added to the upper compartment of a
transwell system (8 Lm pore size) that contained in the lower
compartment 100 ng/mL resistin, a cytokine with chemoat-
tractive effects.'® The whole system was incubated for
18 hours at 37°C, then migrated monocytes present in the
lower compartment were counted in three random fields at
10x magnification using a phase-contrast inverted micros-
copy (Olympus IX81).

Statistical analysis
Data are presented as mean = SEM compared to controls.
Statistical significance was determined by Student’s #-test

(two tailed) or analysis of variance using GraphPad Prism
7 software. Values of P<<0.01 or P<<0.05 were considered
significant.

Results
Characterization of Lipo loaded with G,

inhibitors

PEGylated Lipo consisting of a mixture of EPC, cholesterol
and a phospholipid derivative of PEG (DSPE-PEG) and
encapsulating GOT were prepared. The PEGylated phos-
pholipid was inserted into Lipo bilayers with the purpose
of avoiding Lipo destabilization, and provided stability in
a serum-containing medium. The average hydrodynamic
diameter and {-potential of plain Lipo or Lipo/GOT are
shown in Table 1. No difference can be seen between Lipo
and Lipo/GOT in regard to average hydrodynamic diameter,
which was around 150 nm with unimodal size distribution
(as shown by the polydispersity index, which was always
smaller than 0.2). The {-potential of Lipo was negative
(=—15 mV) and GOT encapsulation did not change the
surface charge of Lipo significantly. The amount of GOT
entrapped in Lipo was determined by high-performance
liquid chromatography after separation of Lipo from GOT
and was about 150 pg/umol lipids.

Lipo loaded with G, inhibitors did not

affect monocyte/macrophage viability

Evaluation of Lipo/GOT impact on monocyte/macrophage
viability is an important issue when anti-inflammatory
action of a liposomal GOT formulation is envisaged. The
MTT assay was employed to find out the effect of differ-
ent concentrations of Lipo/GOT on monocyte/macrophage
viability. Free GOT or blank Lipo were used as controls.
The data showed that the viability of THP1 monocytes and
THP1-derived macrophages was not significantly affected
by concentrations of Lipo/GOT up to 100 uM (Figure 1).
A solution of 0.5% Triton X-100 was used as a positive
control in these experiments. A significant decrease in mac-
rophage viability was seen after 48 hours of treatment with
either free GOT or Lipo/GOT at a concentration of 200 UM,

Table | Size and {-potential of Lipo and Lipo/GOT

Size (nm) {-Potential (mV)
Lipo 150.6+51.7 —16.52+2.23
Lipo/GOT 157£21.6 —14.54+1.88

Note: Values represent mean * SD of five determinations.
Abbreviations: GOT, guanosine 5’-O-(2-thiodiphosphate; Lipo, hydrated lipidic
film with phosphate buffered saline; Lipo/GOT, GOT-encapsulated liposomes.
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Figure | Concentration-dependent effect of GOT on monocyte and macrophage viability.
Notes: THPI monocytes (A) or THPI cells differentiated to macrophages (B) were treated with different concentrations of free GOT, Lipo/GOT, or Lipo for 24 and
48 hours. Cell viability was measured by MTT assay and compared with the viability of untreated cells, considered 100%. A solution of 0.5% Triton X-100 was used as a

positive control. Values shown are mean + SE. *P<<0.05.

Abbreviations: GOT, guanosine 5’-0-(2-thiodiphosphate); Lipo, hydrated lipidic film with phosphate buffered saline; Lipo/GOT, GOT-encapsulated liposomes.

but not after incubation with blank Lipo, showing that plain
Lipo did not affect cellular balance.

Treatment with Lipo/GOT reduced the
activation of MAPK-signaling pathways
induced by LPS in monocytes

To investigate whether free GOT or Lipo/GOT had a role
in regulating the molecular pathways induced by LPS in
monocytes, we analyzed the activation of p38, INK, and ERK
MAPK by Western blot. Our data showed that LPS significantly
increased the expression of phospho-p38 and phospho-JNK
after 24 or 48 hours’ activation in monocytes, showing ~1.5-
fold increase for both molecules compared with control cells,
while phospho-ERK was not identified. Furthermore, free
GOT significantly decreased pp38 expression in monocytes

only after 48 hours, while Lipo/GOT completely blocked p38
phosphorylation after 24 and 48 hours’ activation (Figure 2A).

pIJNK expression was significantly decreased after
treatment of monocytes with free GOT only after 48 hours’
activation with LPS and not after 24 hours’ stimulation,
whereas Lipo/GOT significantly inhibited JNK phospho-
rylation, the expression of pJNK decreasing to control
levels after 24 and 48 hours of LPS activation (Figure 2B).
To confirm that the observed effect was due to Lipo/GOT,
blank Lipo was used as control, and the experiments showed
that Lipo without encapsulated GOT did not modify the
activation of p38 or JNK induced by LPS, as shown in
Figure 2A and B. Moreover, blank Lipo and GOT alone did
not influence the expression of pp38 or pJNK by monocytes
in the absence of LPS (data not shown).
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Figure 2 The effect of Lipo/GOT on MAPK phosphorylation in monocytes and macrophages.

Notes: THP| monocytes or THPI cells differentiated to macrophages were activated with 100 ng/mL LPS for 24 (white bars) or 48 (gray bars) hours and treated with
GOT or Lipo/GOT for 2 hours prior to LPS activation. p38 (A) and JNK (B) activation in monocytes, and p38 (C), JNK (D), and ERK (E) activation in macrophages were
determined by Western blot. The phosphorylation of ERK in monocytes was also assessed, but showed no activation. In these experiments, cells unstimulated with LPS
served as control (considered |) and the phosphorylated proteins were correlated with total protein expression. Cells treated with Lipo in the presence of LPS (LPS + Lipo)
were used as control. Every subsection of the figure shows in the upper panel a representative image of the Western blot analysis and in the lower panel the statistical results.

Results given as mean + SE (n=3). *P<<0.05 (over control); **P<<0.05 over LPS activation; “P<0.05 over LPS + GOT.
Abbreviations: GOT, guanosine 5-0-(2-thiodiphosphate); Lipo/GOT, GOT-encapsulated liposomes; LPS, lipopolysaccharide.

submit your manuscript

68

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

G-inhibitor-loaded liposomes block LPS-induced inflammation

Activation of p38, JNK, and ERK MAPK
was reduced after treatment of LPS-
activated macrophages with GOT-loaded
Lipo

The effect of free GOT and Lipo/GOT on MAPK activa-
tion was also assessed in macrophages. To this end, THP1
cells differentiated with PMA for 3 days were treated with
GOT or Lipo/GOT for 2 hours prior to LPS activation for
24 or 48 hours. After stimulation, the expression of pp38,
pINK, and pERK was analyzed by Western blot. The protein
expression of total p38, INK, and ERK was used to quantify
the expression of phosphorylated proteins. Our experiments
showed that phospho-p38 expression was increased 1.8-fold
after 24 hours’ and 1.9-fold after 48 hours’ activation with
LPS. Free GOT significantly decreased the expression of
pp38 induced by LPS after 24 and 48 hours, while Lipo/GOT
totally inhibited p38 phosphorylation (Figure 2C).

The expression of pJNK was significantly increased
compared with control cells by 1.4-fold after 24 hours’ and
2.2-fold after 48 hours’ activation with LPS. Our results
showed that free GOT inhibited the activation of INK induced
by LPS after 24 and 48 hours, the level of phospho-JNK being
compared with control cells. Lipo/GOT additionally decreased
the expression of pJNK induced by LPS after 24 hours com-
pared with free GOT. Likewise, the expression of pJNK was
inhibited at the control level after 48 hours’ activation with
LPS and treatment with Lipo/GOT (Figure 2D).

In contrary to monocytes, LPS activated ERK phospho-
rylation in macrophages. Activation of differentiated THP1
cells with LPS increased the expression of pERK by 1.8-fold
after 24 hours’ and 1.6-fold after 48 hours’ activation. Free
GOT significantly decreased the expression of pERK induced
by LPS only after 24 hours and not 48 hours. Furthermore,
Lipo/GOT decreased ERK activation to control levels at both
tested time points (Figure 2E). In addition, blank Lipo did not
modify the activation of p38, INK, or ERK induced by LPS, as
shown in Figure 2C—E. Moreover, blank Lipo and GOT alone
in the absence of LPS did not influence the phosphorylation
of MAPK proteins in macrophages (data not shown).

Treatment of monocytes with GOT-
loaded Lipo blocked the production of
ILIB, TNFo, IL6,and MCPI induced by LPS
To investigate the effect of Lipo/GOT in LPS-stimulated

monocytes, THP1 cells were activated with LPS for 24 or
48 hours and treated with GOT or Lipo/GOT. Free GOT and

blank Lipo in the presence or absence of LPS were used as
controls. After stimulation, IL1f3, IL6, TNFo, and MCPI
were quantified by ELISA in the conditioned media.

The stimulation of THP1 monocytes with LPS resulted
in IL1B production of 14+1.5 pg/mL after 24 hours and
151+70 pg/mL after 48 hours, significantly more then
controls (unstimulated cells), which showed no IL1J3 secre-
tion. Treatment of monocytes with GOT did not influence
LPS-induced IL1J secretion, but treatment with Lipo/GOT
blocked the production of IL 1 by monocytes after 24 hours’
or 48 hours’ activation with LPS (Figure 3A). THP1 cells
secreted IL6 only after 48 hours’ stimulation with LPS
(911£154 pg/mL). IL6 production was not influenced by
treatment of monocytes with GOT, but in contrast was
blocked by treatment of cells with Lipo/GOT (Figure 3B).

TNFo production was significantly increased over controls
(which showed no TNFo secretion) after monocyte activation
with LPS for 24 hours (6316 pg/mL) and 48 hours (107£11
pg/mL). After 24 hours’ activation, GOT and Lipo/GOT com-
pletely inhibited the production of TNFo induced by LPS. In
contrast, after activation of 48 hours with LPS, TNFo release
was blocked only by Lipo/GOT and not GOT (Figure 3C).

With regard to MCP1 production, THP1 monocytes
showed secretion of 81125 pg/mL after 24 hours’ stimula-
tion with LPS, whereas control cells did not secrete MCP1.
Lipo/GOT completely blocked the release of MCP1, while
GOT alone had no effect. After 48 hours in culture, THP1
monocytes activated with LPS produced increasing amounts
of MCP1 (672167 pg/mL) compared with control cells
(61123 pg/mL), the secretion of MCP1 being completely
blocked by Lipo/GOT, but not by GOT alone (Figure 3D). In
addition, blank Lipo did not reduce the secretion of cytokines
induced by LPS. Moreover, blank Lipo and GOT alone in the
absence of LPS did not stimulate the secretion of cytokines.

Production of ILI3, TNFo, IL6, and MCPI
significantly decreased in macrophages

activated by LPS and treated with
Lipo/GOT

To determine the effect of Lipo/GOT on the secretion of cytok-
ines by macrophages, THP1 cells were differentiated with PMA
for 3 days, activated with LPS for 24 or 48 hours, and treated
with GOT or Lipo/GOT for 2 hours prior LPS activation. Free
GOT and blank Lipo in the presence or absence of LPS were
used as controls. Our data showed that secretion of IL1f by
LPS-activated macrophages significantly increased after 24
hours (3704 pg/mL in LPS-activated cells vs 1812 pg/mL
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Figure 3 Effect of Lipo/GOT on production of ILIp, IL6, TNFc, and MCPI by monocytes.

Notes: THPI cells were activated with 100 ng/mL LPS for 24 (white bars) or 48 (gray bars) and treated with GOT or Lipo/GOT for 2 hours prior to LPS activation. ILIf
(A), IL6 (B), TNFa (C), and MCPI (D) secretion was determined by enzyme-linked immunosorbent assay. Unstimulated cells served as controls. Cells treated with Lipo or
free GOT in the presence or absence of LPS were used as experimental controls. Concentrations of ILIp, IL6, TNFa, and MCPI given as mean * SE (n=4). *P<0.05 over

control; ¥*¥P<<0.05 over LPS activation; *P<<0.05 over LPS + GOT.

Abbreviations: GOT, guanosine 5’-O-(2-thiodiphosphate); Lipo, hydrated lipidic film with phosphate buffered saline; Lipo/GOT, GOT-encapsulated liposomes; LPS,

lipopolysaccharide.

in control cells) and after 48 hours (9202 pg/mL in LPS-
activated cells vs 287£10 pg/mL in control cells). The treatment
of macrophages with Lipo/GOT inhibited the secretion of IL1[3
the concentration being 215423 pg/mL after 24 hours’ activa-
tion with LPS and 266121 pg/mL after 48 hours’ activation. As
in the case of monocytes, treatment of macrophages with GOT
did not influence LPS-induced IL1p secretion (Figure 4A).
The cytokine IL6 was not produced in control mac-
rophages, but its release was significantly increased upon
activation with LPS for 24 and 48 hours (668+10 pg/mL
and 8551200 pg/mL, respectively). Macrophages treated
with free GOT showed IL6 secretion that was comparable
to LPS-activated macrophages, whereas cells treated with
Lipo/GOT showed a significant reduction in IL6 after
24 hours’ (201440 pg/mL) and a blockade of IL6 secretion
after 48 hours’ activation (Figure 4B). Macrophages secreted
TNFo after 24 hours’ activation with LPS at 1,764+12 pg/mL
compared with 303 pg/mL in the conditioned media of
control cells. Treatment of macrophages with free GOT did
not have any effect on the secretion of TNFa induced by
LPS, whereas Lipo/GOT significantly reduced the production
of TNFa (1,460167 pg/mL) compared with LPS-activated
macrophages. After 48 hours’ activation, LPS stimulated

the production of TNFa. (2,084%12 pg/mL) compared with
control cells (332118 pg/mL). Also, Lipo/GOT significantly
decreased TNFa. secretion at a level comparable to control
cells (443147 pg/mL), whereas free GOT did not show any
effect on TNFo production induced by LPS (Figure 4C).

MCPI1 secretion in conditioned macrophage media
was significantly increased upon activation with LPS for
24 hours (1,283+19 pg/mL) compared with control cells
(37248 pg/mL). Free GOT did not modify the concentration
of secreted MCPI1, but Lipo/GOT significantly decreased
MCP1 production to control levels (373%£75 pg/mL).
After 48 hours’ activation with LPS, MCP1 production
was significantly increased (1,253+135 pg/mL) compared
with control cells (954151 pg/mL), but was inhibited to
a level comparable with control cells after treatment with
Lipo/GOT (902+5 pg/mL), while free GOT did not modify
MCP1 production induced by LPS (Figure 4D). To confirm
that the observed effects were due to the liposomal delivery
of GOT, blank Lipo was used as control, and experiments
showed that Lipo without encapsulated GOT did not reduce
the secretion of cytokines induced by LPS. Moreover, blank
Lipo and GOT alone did not promote cytokine secretion in
the absence of LPS.
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Notes: THPI cells differentiated with phorbol 12-myristate |3-acetate for 3 days were activated with 100 ng/mL LPS for 24 (white bars) or 48 (gray bars) hours and treated
with GOT or Lipo/GOT for 2 hours prior to LPS activation. ILIJ (A), IL6 (B), TNFo. (C), and MCPI (D) secretion was determined by enzyme-linked immunosorbent assay.
Unstimulated cells served as controls. Cells treated with Lipo or free GOT in the presence or absence of LPS were used as experimental controls. Concentrations of ILIf,
IL6, TNFo, and MCP| given as mean % SE (n=4). *P<0.05 over control; **P<0.05 over LPS activation; *P<<0.05 over LPS + GOT.

Abbreviations: GOT, guanosine 5’-0-(2-thiodiphosphate); Lipo, hydrated lipidic film with phosphate buffered saline; Lipo/GOT, GOT-encapsulated liposomes; LPS,

lipopolysaccharide.

Adhesion of monocytes activated with
LPS blocked after treatment with GOT-
loaded Lipo

Previous work has shown that adhesion of monocytes to the
endothelium, the initial step in the development of athero-
sclerotic plaque, is increased by LPS stimulation of either
human monocytes or HECs. ' In this study, we assessed the
effect of Lipo/GOT on monocyte adhesion to HECs induced
by LPS. To this end, HEC and THP1 monocytes were first
activated separately for 24 hours with LPS before starting the
adhesion assay. Moreover, THP1 cells were preincubated for
2 hours with free GOT or Lipo/GOT prior to LPS activation.
Unstimulated HECs or monocytes were used as controls.
After LPS stimulation, monocytes were marked with a
fluorophore and incubated with confluent HECs for 1 hour.
Then, unadhered monocytes were washed out and adhered
monocytes counted under fluorescence microscopy.

Our experiments showed that adhesion of LPS-activated
monocytes to control HECs was significantly increased
(~3%) compared to unstimulated monocytes. Moreover,
LPS-activated HECs enhanced the adhesion of activated

monocytes compared to control HECs (~1.4x). GOT inhibitor
decreased significantly (~2x) the number of adhered mono-
cytes, but Lipo/GOT totally inhibited monocyte adhesion,
the number of adhered monocytes activated with LPS being
comparable with that of unstimulated monocytes (Figure 5).
These data suggested that activation of monocytes was suf-
ficient for enhancement of their adherence to endothelia,
regardless of the state of endothelial activation. Further-
more, Lipo/GOT blocked the adhesion of monocytes, while
free GOT only reduced the number of adhered monocytes
to endothelia, suggesting that GOT was internalized more
efficiently when incorporated into Lipo.

Treatment with GOT-loaded Lipo
inhibited chemotaxis toward resistin of

monocytes activated with LPS

To investigate the effect of Lipo/GOT on monocyte function-
ality further, we examined the chemotaxis of LPS-activated
monocytes toward resistin, a cytokine that acts as a chemoat-
tractant, as shown by our recent work.!® To this purpose,
LPS-activated monocytes preincubated with free GOT or
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Figure 5 Effect of Lipo/GOT on monocyte adhesion to endothelium.

Notes: HECs were stimulated with LPS for 24 hours (black bars). Monocytes were preincubated with GOT or Lipo/GOT prior to activation for 24 hours with LPS.
Unstimulated cells were used as controls. The number of adhered monocytes was quantified after | hour’s incubation of monocytes together with HECs, and results are
given as mean * SE (n=6). *P<<0.05 over unstimulated HECs and monocytes (white bar); **P<<0.05 over LPS-activated monocytes; #P<<0.05 over LPS-activated monocytes
treated with GOT; %P<<0.05 for LPS-activated HECs vs unstimulated HECs. Scale bars are 50 pm.

Abbreviations: GOT, guanosine 5’-0-(2-thiodiphosphate); HECs, human endothelial cells; Lipo/GOT, GOT-encapsulated liposomes; LPS, lipopolysaccharide.

Lipo/GOT were added to a chemotaxis chamber. After 18
hours, the monocytes migrated toward resistin (added in the
lower compartment of the transwell system) were counted
under light microscopy. Our results showed that the number of
LPS-activated monocytes migrating toward resistin increased
around fourfold compared to the number of control cells. More-
over, treatment with free GOT decreased twice the number of
migrated monocytes, while Lipo/GOT completely inhibited the
migration of THP1 cells activated with LPS (Figure 6).

Discussion

Monocytes and macrophages are important mediators for both
innate and adaptive immunity, due to their crucial role in many
inflammatory processes associated with infection, atheroscle-
rosis, diabetes, and cancer.?! Based on the ability of monocytes
and macrophages to assimilate foreign particles efficiently,
the use of nanoparticles is a promising solution for the

management of inflammatory diseases. Compared with free
therapeutic agents, drug-loaded Lipo are the most frequently
used nanocarrier for targeted drug delivery and provide several
advantages, mainly because they improve the pharmacokinet-
ics and bioavailability of these agents. Moreover, the use of
PEG as a steric stabilizer of Lipo structure enhances their
stability and circulation time in the bloodstream.?> Using a
well-established cellular model of inflammation, the aim of
the present work was to evaluate the potential of a G, inhibi-
tor encapsulated in Lipo in reducing the inflammatory effects
induced by LPS in monocytes/macrophages, such as the acti-
vation of MAPK-signaling pathways, inflammatory cytokine
secretion, monocyte adhesion, and chemotaxis.?

G proteins are heterotrimers comprising o-, -, and
Y-subunits that dissociate in response to proinflammatory
stimuli after activation of G-protein-coupled receptors. The
free G_and G, subunits can then activate different mediators
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Figure 6 Effect of Lipo/GOT on monocyte migration.

Notes: THPI monocytes were preincubated with GOT or Lipo/GOT prior to activation for 24 hours with LPS. After activation, monocytes were added to a chemotaxis
chamber, where resistin was found in the lower compartment. The number of migrated monocytes toward resistin was quantified after 18 hours. Unstimulated monocytes
were used as controls. Results are given as mean £ SE (n=6). *P<<0.05 over control monocytes; **P<<0.05 over LPS-activated monocytes; *P<<0.05 over LPS-activated

monocytes treated with GOT. Scale bars are 50 um.

Abbreviations: GOT, guanosine 5’-0-(2-thiodiphosphate); Lipo/GOT, GOT-encapsulated liposomes; LPS, lipopolysaccharide.

that regulate various immune and inflammatory pathways,
such as MAPK signaling.* There are data that link G_
subunits to LPS-induced MAPK activation and cytokine
production.’ This early study showed that CD14, an important
molecule in LPS signaling, is physically associated with G
subunits and that the proinflammatory effects of LPS are regu-
lated by heterotrimeric G proteins. For this reason, targeting
G proteins with pharmacological agents has since then been
considered of great interest in regulating inflammation.

Previous studies have shown the use of G-protein inhibitors
in reducing inflammation triggered by different mediators. Per-
tussis toxin (inhibitor of G _, protein-receptor coupling) has been
shown to block monocyte transmigration induced by the cytokine
resistin by inhibiting fractalkine and MCP1 secretion.'3?* More-
over, gallein (inhibitor of G, subunit-dependent signaling)
suppressed macrophage chemotaxis and inhibited the activation
of p38, INK, and ERK MAPK induced by clusterin, a protein
involved in inflammation and immunity.>%

GOT, a guanosine diphosphate analog, was used in this
study due to its capacity to completely inhibit G-protein
activation by guanosine triphosphate and its analogs.
The cytotoxic effects of different concentrations of GOT —
free or encapsulated into Lipo — were determined using the
MTT assay. High percentages of viable monocytes and
macrophages were observed for all treatment groups (except
for the macrophage treatment for 48 hours with 200 uM free
or encapsulated GOT), indicating that Lipo/GOT had no
cytotoxic effect on THP1 cells at the concentration used in
the subsequent experiments.

LPS is considered an initiator of classical activation in
monocytes and macrophages, its effects including an altered
production of key mediators, such as inflammatory cytokines
and chemokines.” It is well known that LPS activation of
monocytes and macrophages results in MAPK phospho-
rylation, but the majority of studies showed this effect
after a few minutes or hours of LPS stimulation.”®> In this

International Journal of Nanomedicine 2018:13

submit your manuscript 73

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Tucureanu et al

Dove

study, we investigated the effect of Lipo/GOT on MAPK
activation after long-term stimulation of THP1 monocytes
and macrophages with LPS. Our results showed that LPS
induced p38 and JNK phosphorylation in THP1 monocytes
activated for 24 or 48 hours. Activation of ERK was not
observed, probably because of the prolonged stimulation,
ERK being phosphorylated after 30—60 minutes in THP1
monocytes.’! In accordance with other studies, we show here
that Gs are involved in MAPK activation induced by LPS,
demonstrated by the reduction in p38 and JNK phosphory-
lation after treatment of monocytes with GOT.> Moreover,
Lipo/GOT significantly reduced the phosphorylation of p38
and JNK compared with free GOT. In addition to monocytes,
THP1-derived macrophages showed activation of p38, JNK,
and ERK after 24 and 48 hours’ stimulation with LPS. Fur-
thermore, free GOT and Lipo/GOT significantly decreased
MAPK activation, encapsulated GOT showing a complete
inhibition of MAPK phosphorylation induced by LPS.
Treatment for inflammatory diseases is based on blocking
the action or secretion of critical mediators, and thus it is
important to inhibit the cytokine secretion induced by LPS
in monocytes and macrophages. Data obtained in the present
study showed that bacterial LPS triggered significant produc-
tion of IL1B, TNFa, and MCP1 by monocytes after 24 or
48 hours. IL6 secretion was induced only after 48 hours’
stimulation with LPS. These data are consistent with other
research that showed nearly the same levels of IL1B and
TNFo after 24 hours’ stimulation of THP1 cells with LPS
and no IL6 production at 24 hours’ activation.’? There are
few data on the effect of LPS on cytokine secretion after
prolonged stimulation. Segura et al showed that the release
of TNFo, IL1, IL6, and MCP1 was increased after 48 hours’
stimulation with 1 pg/mL LPS, the concentration for each
mediator being higher than the level shown in the present
study, but this difference could be explained by the differ-
ence in the concentration of LPS used for cell activation
(1 pg/mL compared with 100 ng/mL in our experiments).*
Our study demonstrates that Lipo/GOT completely blocked
the secretion of IL1pB, IL6, TNFa, and MCP1 compared
with free GOT, which did not decrease the secretion of
these cytokines/chemokines induced by LPS. This effect of
Lipo/GOT vs free GOT may be explained by increased cel-
lular internalization of the compound when it is formulated
into Lipo and gradual intracellular release, whereas the free
compound acts very rapidly or is committed to intracellular
degradation. The effect of free GOT in inhibiting cytokine
secretion was observed only for TNFo after 24 hours’
stimulation (and not 48 hours’), probably due to an indirect
mechanism that acts in the process of TNFo synthesis, this

cytokine being processed as a membrane-bound precursor,
unlike other cytokines that are released in association with
exosomes in the extracellular space.**

Our data showed that LPS induced IL1, IL6, TNFao, and
MCPI in THP1-derived macrophages after 24 and 48 hours’
stimulation, in concordance with other studies that showed
a minor variation due to the activation duration and LPS
concentration used.>*>” As in the case of monocytes, treat-
ment of macrophages with Lipo/GOT significantly decreased
the production of cytokines IL1B, IL6, TNFa, and MCP1
induced by LPS activation compared with free GOT, which
showed no effect on the secretion of cytokines in the condi-
tioned media of macrophages.

It is well known that adherence of monocytes to endothelia
is essential for the localization of these cells to inflammation
sites. Several reports have shown that adhesion and trans-
migration of LPS-stimulated monocytes are dependent on
the monocyte-surface molecules CD11a/CD18 (LFA1) and
CD11¢/CD18 (CR4). Also, the importance of the adhesion
molecule ICAMI, a high-affinity counterreceptor for LFAT,
was demonstrated.*** Activation of HECs with LPS induces
the expression of adhesion molecules, such as VCAMI,
ICAMI1, and E-selectin.***! Therefore, in the present study,
we questioned the effect of free or Lipo/GOT on LPS-stim-
ulated monocyte adhesion to activated endothelia. First, our
findings suggest that the adhesion of activated monocytes
to resting HECs is increased compared with control mono-
cytes, but adhesion is intensified in case of LPS-activated
HECs, suggesting the importance of the endothelium state in
mediating monocyte adhesion. Treatment of monocytes with
GOT prior to LPS stimulation resulted in a decrease of their
adhesion to activated or nonactivated HECs, indicating the
involvement of G, in the LPS-induced production of adhesion
molecules, but further experiments are needed to clarify this
assumption. Moreover, Lipo/GOT completely blocked the
adhesion of activated monocytes to endothelia, regardless
of activation status, suggesting that Lipo/GOT is efficiently
delivered and gradually released intracellularly.

For chemotaxis studies, we used resistin as a chemoat-
tractant based on our previous data, where we demonstrated
that resistin has similar chemoattractive effects on monocytes
isolated from human blood as formylmethionylleucylpheny-
lalanine a strong, well-known chemoattractant. Also, there
is evidence that resistin has direct chemotactic effect on the
THP1 cell line and that G;s are involved in resistin-induced
lymphocyte migration.'®4*% In the present study, an increased
number of LPS-activated monocytes migrated toward resistin
compared to unstimulated cells. The number of migrated cells
was significantly decreased by the treatment of monocytes
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with free GOT or Lipo/GOT. Moreover, encapsulated GOT
significantly decreased cell migration toward resistin to a
level similar to control monocytes. These data suggest that G;s
are involved in resistin chemotactic effects on LPS-activated
monocytes. To the best of our knowledge, this is the first
study to show the involvement of G, in mediating monocyte
adhesion and migration induced by LPS and the first to
employ Lipo specifically to inhibit G, in order to diminish or
completely block the inflammatory effects of LPS.

There is evidence that there are differences between either
cytokines or Toll-like receptor mRNA expression by LPS-
stimulated monocytes and monocyte-derived macrophages
and that monocytes and monocyte-derived macrophages
respond differently to LPS, so they may have different func-
tions in the innate immune system.* Our data also showed
that LPS activation of macrophages induced higher expres-
sion of IL1J, IL6, TNFo, and MCP1 than in LPS-activated
monocytes. The data showed that macrophages constitutively
secreted IL1PB, TNFo, and MCP1 (with an increase in con-
centration after 48 hours in culture), unlike monocytes, which
showed no secretion in control cells. Moreover, we found that
LPS activated ERK phosphorylation only in macrophages,
suggesting different pathways in LPS-induced ERK activa-
tion in macrophages versus monocytes.

Conclusion

The present findings reveal that Lipo/GOT had stronger anti-
inflammatory effects than the free compound in reducing
the proinflammatory effects of LPS in monocytes and mac-
rophages. A reduction in MAPK activation and a significantly
reduced production of major proinflammatory mediators,
such as IL1PB, IL6, TNFa, and MCP1, was observed in mono-
cytes and macrophages treated with Lipo/GOT. Additionally,
Lipo/GOT has a functional role in reducing the adhesion and
chemotaxis of activated monocytes, major processes in the
initiation and progression of inflammatory diseases. All these
findings appoint Lipo loaded with a specific G, inhibitor as an
effective nanotherapy in preventing LPS inflammation.
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