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A B S T R A C T

Growing evidence indicates that disturbances in the inflammatory response system can have deleterious effects on
neuronal function and mental health. While the correlation between elevated peripheral inflammatory markers
and psychiatric disorders are well documented, the exact molecular and neuronal mechanism underlying the
connection between activated inflammation and neuropsychiatric behaviour remain elusive. Microglia activation
is the key interface between neuro-inflammation and manifestation of psychiatric symptoms. Microglia are
immunocompetent cells in the central nervous system (CNS) which are primarily involved in the response to
inflammatory stimulation and are widely used to study neuroinflammation and test anti-inflammatory chemicals.
In the brain, activated microglia play very important roles during neuroinflammation and neurodegeneration.
Both stress-related disorders such as Depression and PTSD, and medical conditions such as metabolic syndrome
(Mets) and type 2 diabetes (TD2) are associated with increased levels of both saturated fatty acids (SFAs) and
lipopolysaccharide (LPS) in circulation. This work was aimed at determining whether SFA interacts with LPS to
activate microglia, thus up-regulating neuroinflammatory processes and, if so which pathways were involved in
this process. Our results showed that low-dose LPS and palmitic acid (PA) robustly stimulated the expression of
proinflammatory cytokines, and the combination of PA and LPS further upregulated proinflammatory cytokines
through MAPK, NFκB and AP-1 signaling pathways in the HMC3-human microglial cell line. In addition, PA
stimulated ceramide production via de novo synthesis and sphingomyelin hydrolysis, and the combination of LPS
and PA further increased ceramide production. HMC3 co-cultured with macrophage and lymphocyte enhanced
LPS and PA induced-inflammatory response more than that in HMC3 alone. These results indicate that LPS in-
teracts with PA to activated microglia; induced neuroinflammatory responses, upregulate proinflammatory
cytokine expression via MAPK, NFκB, and AP-1 signaling pathways, and induced sphingolipid metabolism in
HMC3. These observations suggest that inhibiting microglia activation and reducing LPS and PA-induced in-
flammatory response may be useful in the treatment of neuronal inflammatory diseases.
1. Introduction

The role of immune system dysregulation in psychiatric disorders has
attracted considerable attention over the past decades. Indeed, numerous
studies have reported increased circulating inflammatory cytokines, e.g.
interleukin (IL)-1, IL-6, and tumour necrosis factor (TNF), their soluble
receptors, and C-reactive protein (CRP), in patients with mood, anxiety,
and stress-related disorders, such as major depressive disorder (MDD)
generalized anxiety disorder (GAD), panic disorder and post-traumatic
stress disorder (PTSD) [1–4]. While these disorders may have complex
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evier Ltd. This is an open access a
etiologies, it is highly possible that the heightened inflammation may be
involved in the disease process and contribute to disease symptomolo-
gies. Research indicates that inflammatory signals in the body may
impact the brain to drive behavioral symptoms relevant to mood and
anxiety-related disorders. Access of peripheral inflammatory signals to
the brain may involve trafficking of peripheral immune cells to the brain,
and cytokine-induced activation of local inflammatory signaling path-
ways and microglia [5,6].

Microglia are primary immunocompetent cells in the central nervous
system (CNS), also known as “macrophages of the CNS”, known to
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perform multiple roles on the maintenance of brain homeostasis.
Microglias interact with other cells to support neuronal function and
regulate neuroinflammation [7,8]. The linkage between peripheral im-
mune activation and neuroinflammation has been shown in humans
receiving systemic administration of endotoxin, which leads to periph-
eral inflammation and microglia activation in the brain [9]. Once acti-
vated, brain microglia released inflammatory mediators such as IL-6,
IL-1, and TNFα. These inflammatory mediators can affect neurotrans-
mission, mediate neurotoxicity by increasing glutamate production and
inducing apoptosis, and directly influence behaviour [10,11].

It is known that the gastrointestinal microbiota is a key regulator of
stress, immune response, and neuroinflammation [12,13]. Alterations in
the composition of gut microbiota are associated with a variety of disease
states including anxiety, depression, obesity, diabetes and inflammation.
Elevated levels of circulating free fatty acids (FFAs) and increased inci-
dence of chronic systemic inflammation are associated with obesity [14].
FFAs, in particular, saturated fatty acids (SFA), are known to upregulated
proinflammatory cytokine expression [15,16]. Palmitate, the most
abundant SFA in human plasma, play an important role in triggering
hypothalamic inflammation through microglial activation [17,18].

Lipopolysaccharide (LPS) is the most abundant component within the
cell wall of Gram-negative bacteria. It stimulates release/secretion of
inflammatory cytokines such as IL-6, IL-1β, and TNFα in various cell types
and leads to an inflammatory response [19]. LPS binding to Toll-like
receptor 4 (TLR4) leads to the activation of NFκB and AP-1 signal
transduction pathways [20]. High-fat diet increase permeability of in-
testinal epithelium that facilitates LPS translocation from the intestine to
the bloodstream. Moreover, type 2 diabetes (TD2) is potentially associ-
ated with increased levels of both LPS and SFA in circulation [21].
However, it remains largely unknown how SFA interacts with LPS to
regulate proinflammatory cytokine expression in microglia, which leads
to neuroinflammation.

The brain has the highest sphingolipid content, and the changes of
lipid levels can initiate pathogenic processes in neuroinflammatory dis-
eases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) [22,
23]. Sphingolipid metabolism involves several intermediate metabolites
including sphingomyelin, ceramide, sphingosine and,
sphingosine-1-phosphate (S1P). Sphingolipid metabolites are emerging
as important signaling molecules that regulate cell growth, survival,
immune cell trafficking and inflammation [24,25]. In the microglia,
long-chain ceramide-induces proinflammatory response through activa-
tion of NFκB pathway [26]. However, it remains largely unknown how
SFA interacts with LPS to regulate neuroinflammatory response in
microglia.

In the present work, we investigated the effects of a low-dose LPS and
PA on microglia cell line (HMC3) and the signaling and molecular
mechanisms involved in pro-inflammatory response. Addition of LPS and
PA to microglia cells led to significantly induced secretion of proin-
flammatory mediators. In addition, when HMC3 were co-cultured with
human microphage or lymphocyte further increased inflammatory
cytokine secretion. Those findings strongly indicate that HMC3 is a
valuable experimental model of neuroinflammatory signaling in the CNS,
and is a suitable candidate to examine possible mechanisms to elicit anti-
inflammatory responses and to effectively develop drug therapy for
neuroinflammation.

2. Materials and methods

2.1. Primary cell culture and treatment

The human microglia clone 3 cell line (HMC3) was purchased from
American Type Culture Collection (ATCC, Manassas, VA, USA). HMC3
cells were cultured in Eagle’s Minimum Essential Media (EMEM, ATCC))
supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO, USA) and
100 units/ml (U/ml) penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA), and incubated in a humidified atmosphere (5% CO2) at 37 �C.
2

For cell treatment, E. Coli LPS and Palmitic acid (PA, Sigma, St. Louis,
MO, USA) were used. PA used in this study was bovine serum albumin-
free. PA was dissolved in 0.1 N NaOH and 70% ethanol at concentra-
tion of 50 mM. The 12-well Corning Transwell plates (Fisher, Waltham,
MA, USA) that have 2 compartments separated by a polycarbonate
membrane with 0.4 μm pores were used for co-culture of HMC3, human
lymphocytes, or human macrophage cell line U937. HMC3 was placed in
the lower compartment, and U937 cells or human lymphocyte were
grown (1 � 106 cells/well) in the upper compartment. U937 cells were
purchased from ATCC. The cells were cultured in a 5% CO2 atmosphere
in Roswell Park Memorial Institute (RPMI) 1640 medium (GIBCO, Invi-
trogen Corp, Carlsbad, CA, USA) containing 10% FBS. Human lympho-
cytes were isolated from blood obtained from healthy donors and treated
in the same medium as that used for U937 cells. Lymphocytes were
activated with Dynabeads™ Human T-Activator CD3/CD28 for T Cell
Expansion and Activation (Thermo Fisher, Waltham, MA, USA) and IL-2
supplement. The blood donation for lymphocyte isolation was approved
by university Institutional Review Board.

2.2. Cell Proliferation Assay

Cell viability and proliferation were determined using a MTT (3-(4, 5
dimethylthiazolyl-2-yl)-2, 5-diphenyltetrazolium bromide) Cell Prolifer-
ation Assay kit (ThermoFisher, Waltham, MA, USA) by following the
instruction provided by the manufacturer.

2.3. Enzyme-linked immunosorbent assay

Cytokines were quantified in the medium using sandwich enzyme
linked immunosorbent assay (ELISA) kits according to the protocol
provided by the manufacturer (Biolegend, San Diego, CA, USA).

2.4. Flow cytometric staining and analysis (FACS)

Fluorescence-conjugated mouse anti-human antibodies and kits were
all purchased from BD Biosciences (San Diego, CA). Anti-CD11b-APC,
anti-CD86-PE-Cy7, anti-CD206-PE, anti-TLR4-PE, anti-CCR7-APC, anti-
CD163-PerCP-Cy5.5, anti-Arg1-PE and anti-TNF- PerCP-Cy5.5 were used
to determine the cell surface microglial marker expressions. Following
cell fixation and permeabilization with Cytofix/Cytoperm kit, anti-anti-
CD68-Alexa Fluor 647 antibody was used to determine the intracellular
microglial marker expression. The stained cells were phenotypically
analyzed using a FACSCanto flow cytometer (BD Biosciences).

Cytokine and chemokine profiles in culture medium were detected
using BD cytometric bead array (CBA) human Th1/Th2/Th17 and che-
mokine kit, according to the manufacturer’s instructions (BD Bio-
sciences). Samples were acquired and measured on the BD FACSCanto
flow cytometer and analyzed by FCAP Array software to generate results.
All samples were examined in duplicate.

2.5. RNA isolation and quantitative real-time PCR

Total RNA was isolated from cells using RNeasy minikit (Qiagen,
Santa Clarita, CA, USA). First-strand complementary DNA (cDNA) was
synthesized with the iScript™ cDNA synthesis kit (Bio-Rad Laboratories,
Hercules, CA, USA) using 15 μl of reaction mixture containing 1 μg of
total RNA, 4 μl of 5 � iScript reaction mixture, and 1 μl of iScript reverse
transcriptase. The complete reaction was cycled for 5 min at 25 �C, 30
min at 42 �C and 5 min at 85 �C using a PTC-200 DNA Engine (MJ
Research, Waltham, MA, USA). The sequences of the real-time PCR are
presented in Supplementary Table S1. Primers were synthesized by In-
tegrated DNA Technologies, Inc. (Coralville, IA, USA). RT-qPCR was
repeated three times per sample using a real-time PCR system (CFX96,
Bio-Rad). The expression levels of all mRNAs were normalized to the
mRNA level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
followed by quantitative analyses according to the relative quantitation
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Ct (2�ΔΔCt) method.

2.6. PCR array

Human TLR signal pathway PCR array (Qiagen, Santa Clarita, CA,
USA) was used to profile gene expression according to the instructions
from the manufacturer.

2.7. Luciferase assay

Cells were seeded into 96-well plates and co-transfected with a
mixture of NFκB and AP-1 luciferase reporter (Qiagen, Santa Clarita, CA,
USA) using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA).
Cells were lysed 12 and 24 h after incubation with LPS, PA and LPS plus
PA. Luciferase activity was determined using the Dual-Luciferase Re-
porter Assay System (Promega, Madison, MI, USA) according to the
manufacturer’s instructions.

2.8. Lipidomics

HMCswere collected, fortified with internal standards, extracted with
ethyl acetate/isopropyl alcohol/water (60:30:10, v/v/v), evaporated to
dryness, and reconstituted in 100 μl of methanol. Simultaneous ESI/MS/
MS analyses of sphingoid bases, sphingoid base 1-phosphates, ceramides,
and sphingomyelins (SM) were performed on a Thermo Finnigan TSQ
Fig. 1. Effect of LPS, PA or LPS plus PA on IL-6 secretion in HMC3. The effect of LPS (A
of LPS (0–100 ng/ml) and PA (0–800 μM) for 24 h. After the treatment, IL-6 level in
The effect of LPS plus PA on IL-6 secretion. HMC3 were treated with 100 or 200 μM o
culture medium was then quantified. Values are expressed as means � SEM. *p <

proinflammatory genes expression. HMC3 were treated with 100 ng/ml LPS, 200 μM
24 h. (E) IL-6 in culture medium was quantified using ELISA. Total RNA was isolated
mRNA was quantified using real-time PCR. mRNA levels were normalized against the
control respectively.

3

7000 triple quadrupole mass spectrometer operating in a multiple reac-
tion monitoring positive ionization mode. The phosphate contents of the
lipid extracts were used to normalize the MS measurements of sphingo-
lipids. The phosphate contents of the lipid extracts were measured with a
standard curve analysis and a colorimetric assay of ashed phosphate.
2.9. Statistical analysis

All experiments were performed independently at least three times.
Differences between conditions were quantitatively analyzed using
GraphPad statistical software (GraphPad Software, Inc. La Jolla, CA,
USA). The oneway analysis of variance (ANOVA) was used to analyze
data frommultiple groups. For data with normal distribution, Student’s t-
test was used for comparison of means between two experimental groups.
p values were regarded as statistically significant if it was less than 0.05,
and significant differences are depicted as follows: *p< 0.05, **p< 0.01,
and ***p < 0.001.

3. Results

3.1. PA potentiates LPS induced proinflammatory cytokine and gene
expression

HMC3microglial cell line was used as a model of humanmicroglia. In
the present study, we aimed to investigate the synergistic effect of LPS
) and (B) PA on IL-6 secretion. HMC3 were treated with different concentrations
culture medium was quantified using ELISA. (C) MTT assay was performed. (D)
f PA in the absence or presence of 5, 10 or 100 ng/ml of LPS for 24 h and IL-6 in
0.05, **p < 0.01 and ***p < 0.001 vs control respectively. Time course of
of PA, or LPS plus PA respectively, and the cells were harvested at 4, 8, 12, and
from cells and IL-6 (F), TLR4 (G), CD14 (H), CCL2 (I), CXCL1 (J) and CXCL10 (K)
levels of GAPDH mRNA respectively. *p < 0.05, **p < 0.01 and ***p < 0.001 vs
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and PA on the expression of inflammatory cytokines in HMC3. Results
showed that LPS (Fig. 1A) and PA (Fig. 1B) stimulated IL-6 secretion from
HMC3 in a concentration-dependent manner. To determine the cytotoxic
effect of PA on HMC3, we evaluated the effect of increasing PA con-
centration on cell viability using the MTT assay. Incubation with 0–200
μM PA for 24 h did not affect the viability of HMC3, but exposure to
400–800 μM PA significantly decreased the cell viability (Fig. 1C). This
indicate that cell viability tended to be suppressed when the PA con-
centration was above 400 μM. LPS (100 ng/ml) and PA (200 μM) exerted
the highest secretion of IL-6 secretion by HMC3 (Fig. 1D) without risk of
affecting cell viability. Therefore, these concentrations were used in the
experiments examining the synergy of these two compounds.

We performed a time course study to determine the effect of LPS and
PA on the expression of IL-6 gene expression and protein secretion
(Fig. 1E and F). PA had nearly no effect on IL-6 secretion before 12 h, LPS
was the more potent stimulator of IL-6 secretion, and the combination of
LPS and PA further increased IL-6 secretion and was higher than the
release of IL-6 by cells stimulated by LPS alone (Fig. 1E). LPS induced IL-6
mRNA expression with a peak increase at 4 h, LPS plus PA showed more
impact on IL-6 mRNA expression than LPS and PA alone (Fig. 1F). To
compare the inflammatory response elicited by either LPS or PA and by
the combination of LPS and PA, a PCR array analysis for several in-
flammatory genes was performed (Table 1). Several genes such as CCR2,
CXCL1, CXCL2, CXCL10, IL-6 were significantly more upregulated by
LPS/PA than LPS or PA alone, by contrast, some genes, such as CCL5,
CD14, TLR4 were downregulated as observed when compared to their 4
h-level of expression which was used as control group. To confirm the
findings from PCR array, gene expression was quantified using real-time
PCR. LPS and PA treatment significantly decreased TLR4mRNA (Fig. 1G)
and its co-receptor CD14 mRNA (Fig. 1H) levels after 12 and 24 h, but
LPS plus PA had a synergistic effect on gene expression after 24 h. The
expressions of TLR4 were confirmed by flow cytometry experiments after
exposure to LPS, PA and LPS plus PA for 24 h. PA and PA plus LPS had
strongly increased TLR4 expression (Fig. S1). In contrast, LPS, PA and
LPS plus PA treatment significantly decreased CCL2mRNA level (Fig. 1I).
CXCL1 mRNA level were increased by LPS plus PA stimulation (Fig. 1J).
Table 1
Gene expression Fold Up and Down-regulation (vs. 4 h Control group).

Symbol 4 h

LPS PA LPS/PA

CCL2 2.09 �1.25 1.07
CCL22 1.90 1.62 1.51
CCL24 �1.78 �1.85 �1.02
CCL3 1.37 1.39 1.21
CCR1 1.43 �1.26 1.90
CCR2 1.87 2.22 2.21
CXCL1 3.08 �1.66 2.49
CXCL10 2.06 �1.66 1.63
CXCL2 2.52 �1.66 2.26
IL15 �1.05 1.42 1.46
IL6 1.63 1.45 2.38

CXCL8 1.89 �2.00 1.82
TNFSF14 0.55 1.08 1.37

C3 �1.72 �1.87 ¡2.37
CCL2 2.09 �1.25 1.07
CCL11 1.18 �1.24 1.02
CCL5 �1.55 �1.50 1.09
CD14 �1.49 ¡2.59 �1.77
CRP �1.16 ¡4.34 �1.52

CXCL6 �1.18 ¡2.26 ¡2.21
IL10RB 1.09 1.14 1.09
IL17A �1.38 ¡2.73 �1.45
TLR4 �1.27 1.17 1.08
TLR5 ¡4.44 ¡2.56 �1.77
TLR7 �1.14 1.49 1.26

GAPDH �1.07 �1.33 �1.17

HMC3 were treated with 100 ng/ml of LPS, 200 μM of PA or LPS plus PA for 4 and 12 h
numbers indicated fold changes (>2.0 or < -2.0) of gene expression compare with 4

4

LPS significantly increased CXCL10 mRNA expression after 4 and 8 h, PA
had no effect on CXCL10 (Fig. 1K) and CXCL1mRNA expression (Fig. 1J).

3.2. Effect of toll-like receptor ligands in LPS-Stimulated IL-6 expression

It has been shown that LPS binding to TLR4 will initiate an inflam-
matory response. LPS is usually used to activate TLR4 while Pam3CSK4
and Pam2CSK4 are used to activate TLR1/2 and TLR2/6, respectively. To
investigate whether the release of IL-6 depends on engagement of TLR1,
TLR2, and TLR4 on HMC3, we incubated the cells with 100 ng/ml of LPS
and 200 μM PA alone, or a combination of LPS and PA (same concen-
tration) in the absence or presence of 100, or 500 ng/ml LPS RS,
Pam3CSK4 or Pam2CSK4. While PA had no effect on IL-6 secretion, LPS
strongly increased IL-6 secretion and the combination of LPS and PA led
to further increase of IL-6. Interestingly, LPS-RS attenuated the stimula-
tory effect of LPS or LPS plus PA on IL-6 secretion (Fig. 2A), indicating
that LPS-RS is a potent TLR4 antagonist. In addition, we observed that
Pam2CSK4 strongly enhanced LPS, PA and LPS plus PA-induced IL-6
secretion (Fig. 2B), whereas HMC3 are not responsive to TLR1/2 agonist,
Pam3CSK4 (Fig. 2C). In conclusion, co-activation of TLR4 and TLR2/6
coordinates an additive augmentation of IL-6 secretion in HMC3.

3.3. The MAPK and NFκB signaling pathway regulated IL-6 secretion
stimulated by LPS, PA and LPS plus PA

To examine if changes in the inflammatory response stimulated by
LPS, PA and LPS plus PA, cell culture medium was collected using the BD
CBA kit to measure inflammatory cytokine and chemokine levels. As seen
in Supplementary Fig. S2, LPS plus PA significantly increased the levels of
IL-4, IL-2, IL-17A, IL-10, IFNγ, TNFα and IL-8 (Figs. S2A–F). LPS treat-
ment strongly increased IL-8, MCP-1, RANTES and IP-10 secretion
(Figs. S2G–J) and LPS plus PA also increased the level of IL-8. In contrast,
PA treatment significantly inhibited MCP-1 secretion (Fig. S2H).

It is known that the MAPK and NFκB signaling are involved in
proinflammatory gene expression. In this study, we analyzed whether
MAPK and NFκB pathways are involved in the LPS and PA induced IL-6
12 h

Ctl LPS PA LPS/PA

�3.67 �1.41 �2.83 �1.25
2.51 1.87 2.37 3.17
2.76 2.05 2.61 2.41
2.72 2.02 2.57 2.95
2.49 1.85 2.59 2.17
2.36 2.16 1.80 22.82
�1.79 2.08 �1.59 6.89
1.27 1.09 1.20 3.88
�1.93 1.81 1.02 5.98
3.57 2.20 3.74 3.42
�1.51 �1.17 3.80 7.49
�2.73 1.17 �1.48 4.42
4.21 3.13 3.98 3.68
¡2.25 �1.92 �1.48 ¡2.58
¡3.67 �1.41 ¡2.83 �1.25
�1.79 �1.19 ¡3.46 ¡2.32
¡4.18 ¡4.76 ¡4.42 ¡4.79
¡2.54 ¡2.56 �1.87 �1.36
�1.23 �1.03 1.28 1.67
�1.11 �1.74 1.02 2.45
¡2.06 ¡3.58 ¡3.01 ¡4.39
�1.23 ¡2.19 �1.25 1.17
�1.47 ¡2.22 �1.21 1.05
�1.84 ¡2.48 �1.95 ¡2.11
�1.87 ¡3.35 ¡2.14 ¡2.27
�1.89 �1.03 �1.02 �1.21

. RNA was isolated and subjected to PCR array as described in the Methods. Bold
h control group.



Fig. 2. IL-6 secretion by Toll-like receptor ligands. HMC3 were treated with 100 ng/ml of LPS, 200 μM of PA and LPS plus PA in the absence or presence of LPS RS (A),
Pam3CSK4 (B) and Pam2CSK4 (C) for 24 h and IL-6 in culture medium was then quantified. Values are expressed as means � SEM. ***p < 0.001.
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expression using pharmacological inhibitors. The results showed that the
ERK pathway inhibitor PD98059 (Fig. 3A), JNK pathway inhibitor
SP600126 (Fig. 3B), p38 MAPK pathway inhibitor SB203580 (Fig. 3C),
and NFκB pathway inhibitor Bay11-7082 (Fig. 3D) blocked the stimu-
latory effect of LPS and LPS plus PA on IL-6 secretion in a dose-dependent
manner. These inhibitors did not affect IL-6 secretion induced by PA
alone.

NFκB and AP-1 activity response to LPS, PA and LPS plus PA was
examined after NFκB and AP-1 luciferase vector transfection. LPS and
LPS plus PA significantly increased NFκB luciferase activities approxi-
mately 4.5–5.0 fold and 3.5–4.0 fold after 12 and 24 h stimulation,
respectively (Fig. 3E). AP-1 luciferase activities were induced by PA and
LPS plus PA at 12 h, then decreased at 24 h. Surprisingly, LPS failed to
increase AP-1 activation (Fig. 3F). These results indicate that the both
MAPK and NFκB signaling pathways were involved in IL-6 upregulation
induced by LPS, PA and LPS plus PA.

3.4. U937 and lymphocyte enhance IL-6 secretion in microglia

M1 and M2 polarization states are defined by specific phenotypic and
secretory patterns. To determine whether the inflammatory effect of LPS
and PA is associated with regulation of the expression of M1/M2
phenotype specific surface maker, CD68 and CD11b, the M1 maker,
CD86, and M2 marker, CD206 was analyzed by flow cytometry in LPS
and PA stimulated HMC3. CD68 expression was confirmed on HMC3
Fig. 3. Involvement of MAPK and NFκB signaling pathway in IL-6 secretion stimulate
of PA or LPS plus PA in the absence or presence of (A) 5 or 10 μM SB-203580 (SB
inhibitor for the JNK pathway, (C) 5 or 10 μM PD 98059 (PD), an inhibitor for the ER
After the treatment, IL-6 level in culture medium was quantified. HMC3 were transfe
PA and LPS plus PA for 12 and 24 h and then relative luciferase activity was analyz
control. *p < 0.05, ***p < 0.001.
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(Supplementary Fig. S3A). Furthermore, higher expression of
CD86þCD206- was detected in response to PA (32.4%) and LPS plus PA
(34.7%) stimulation compared to LPS (29.5%) control group (28.8%)
(Supplementary Figs. S3B–E). The expression of
CD206þCD86�expression was observed in response to PA and LPS plus
PA. We also compared the other M1 (TNF and CCR7) and M2 (AGR1 and
CD163) surface markers by flow cytometry. Our results showed PA and
PA plus LPS increased M1 or M2 surface marker expression compared to
LPS (Supplementary Fig. S4). These data demonstrate that HMC3 can be
polarized to M1 states by stimulation with PA and LPS plus PA.

Neuroinflammation is a complex integration of the responses of all
cells within the CNS including microglia, neurons, and infiltrating leu-
kocytes. To investigate whether microglia interacts with macrophage or
lymphocyte through released agents that enhance neuroinflammatory
response, we treated U937 cells or health human lymphocyte with LPS,
PA or LPS plus PA, and co-culture with HMC3 for 24 h. Quantification of
IL-6 in culture medium showed that IL-6 secretion by the co-culture of
HMC3 with U937 (Fig. 4A) or lymphocyte (Fig. 4B) was markedly
increased when compared with IL-6 secretion by HMC3, U937 or
lymphocyte when incubated alone. This data strongly suggests that sol-
uble factors released by U937 or lymphocyte enhanced inflammatory
response induced by LPS, PA and LPS plus PA on microglia cells.
d by LPS, PA or LPS plus PA. HMC3 were treated with 100 ng/ml of LPS, 200 μM
), an inhibitor for the p38 MAPK pathway, (B) 5 or 10 μM SP-600125 (SP), an
K pathway, (D) 1 or 5 μM of Bay11-7082, inhibitor for NFκB pathway, for 24 h.
cted with the NFκB (E) and AP-1(F) luciferase reporter and stimulated with LPS,
ed. Firefly luciferase was used as reporter, and renilla luciferase was used as a



Fig. 4. Augmentation of LPS, PA and LPS plus PA stimulated IL-6 production by co-culture of microglia with U937 and human lymphocyte. HMC3 and U937 (A) or
human lymphocyte (B) were cultured independently or together (co-culture) in the absence or presence of 100 ng/ml of LPS, 200 μM of PA, and LPS plus PA for 24 h.
After the treatment, IL-6 level in culture medium was quantified using ELISA. Values are expressed as means � SEM. *p < 0.05, **p < 0.01 and ***p < 0.001.
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3.5. PA and LPS plus PA increase ceramide and decrease sphingomyelin
productions

Since it has been reported that PA increases ceramide de novo syn-
thesis by increasing the cellular level of palmitoyl-CoA, we examined the
effect of PA and LPS on Ceramide production. Results showed that in-
cubation of HMC3 cells with PA led to an increased ceramide production
and that both ceramide as well as sphingosine and dihydrosphingosine
production were further increased in cells incubated with a combination
of LPS and PA, both at 12 and 24 h (Fig. 5A–G). Results also showed that
a higher production of total dihydroceramide C16-, C18-, and C22- cer-
amide and sphingosine was observed at 24 h than at 12 h.

While ceramide de novo synthesis is an important pathway to generate
ceramide, sphingomyelin hydrolysis is another pathway to produce cer-
amide. To determine whether sphingomyelin hydrolysis in response to
LPS and PA, or LPS plus PA contributes to ceramide production, we
quantified cellular sphingomyelin (SM) using lipidomics. Results showed
that PA and LPS plus PA decreased total, C16-, C22-, C24:1- and C24-SM
at 12 and 24 h (Fig. 5H–J). Results also showed that PA and LPS plus PA
increased S1P and dihydroS1P production at 12 h. Although, the contents
of S1P and dihydroS1P decreased at 24 h than that at 12 h, statistic
significant differences were not reached (Fig. 5M–N). LPS had no sig-
nificant effect on ceramide and SM production (Fig. 5). Taken together,
these data demonstrated that PA increased ceramide production by
stimulating ceramide de novo synthesis and sphingomyelin hydrolysis,
but the novo synthesis ceramide was further increased when the cells
were incubated by a combination of LPS and PA.

4. Discussion

Microglia is the first line of immune defense in the CNS, playing a role
in many neuroinflammatory and neurodegenerative diseases including
multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, retinal
degeneration diseases, anxiety, depression, PTSD, and others [27–29].
During inflammatory processes, the activated microglia, polarized into
M1 type in response to LPS, releases pro-inflammatory factors and
inducing neuroinflammatory responses [30,31]. In the present study, we
have shown that LPS and PA alone or in combination activated HMC3
leading not only to upregulated proinflammatory cytokines, chemokines,
and gene expression but also to an increase in ceramide production.

To explore the mechanisms underlying the interaction between LPS
and PA, we examined the effect of LPS, PA and the combination of LPS
and PA on the inflammatory response of HMC3 and the signaling path-
ways involved. Our results showed that stimulation of a microglia cell
line with LPS or PA significantly increased both IL-6 gene and protein
expression. When the same cell line was stimulated simultaneously by
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LPS and PA, the IL-6, CXCL1, CXCL2, and CXCL10 mRNA expression as
well as IL-6, IL-2, IL-4, IL-17A, IL10, IFNγ, TNFα, and IL-8 secretion were
significantly increased.

Microglia have been shown to express TLR4 [32]. LPS binding to
TLR4 is known to activate NFκB, inducing increased secretion of proin-
flammatory cytokines and therefore leading to neuronal damage.
Notably, in the present study, we found that LPS-induced upregulation of
inflammatory cytokines due to LPS binding to TLR4 receptors was
mediated by both NFκB and MAPK pathway, which are well known as
important regulators of immune response. Our study showed however
that only LPS not PA was able to upregulate IL-6 expression through the
NFκB and AP-1 pathways, therefore leading us to conclude that
PA-induced inflammatory observed in the microglia cell line was medi-
ated by a pathway other than MAPK and NFκB.

SFAs, mainly palmitate, are known to strongly contribute to neuronal
inflammation. Cholesterol and fatty acids are the most impartment
components of the brain cell membrane, helping to maintain neuronal
plasticity [33,34] and sphingolipids specifically ceramides are well
known for their role in activating inflammation [35]. We anticipate that
the increased production of ceramides elicited by PA stimulation of
HMC3 is likely the mechanism involved in a robust and sustained
PA-induced upregulation of IL-6.

Activated brain microglia release inflammatory mediators such as
nitric oxide, IL-6, IL-1, TNFα which impact neurotransmission, mediate
neurotoxicity by increasing glutamate production and inducing neuronal
apoptosis, neuroendocrine function, neural plasticity; and directly in-
fluence behaviour [10,11,36–39]. Levels of IL-6 have shown to be
increased on neurodegenerative conditions, which is likely resulted from
activated microglia [40]. A variety of brain cell types can secrete and
respond to IL-6 in response to peripheral inflammatory disorders and
systemic inflammation has been shown to impact the CNS [41–43].

The interaction between activated microglia and lymphocytes that
elicits the release of several proinflammatory cytokines has been
described [44,45]. In conclusion, the above studies support the possible
impact of systemic inflammation on neuro-immune interactions. Our
co-cultured studies, examining whether the microglia can interact with
mediators released by lymphocytes and macrophages, did clearly show
an enhanced IL-6 secretion, supporting previous work by other
investigators.

Upregulation of proinflammatory cytokines, in particular IL-6, TNFα,
IFNγ, IL-1b, ROS, NO, and other immunomodulatory factors are associ-
ated to the M1microglia phenotype which is known to be associated with
enhanced neuroinflammation and neurodegeneration [19,46,47]. Other
studies have also shown that over-activated microglia releasing large
concentrations of proinflammatory cytokines that will lead to neuronal
death and increased accumulation of toxic proteins [48].



Fig. 5. Effect of LPS, PA and LPS plus PA on ceramide de novo synthesis and Sphingomyelin (SM) hydrolysis. The effect of LPS, PA or LPS plus PA on cellular ceramide
level. HMC3 were treated with 100 ng/ml of LPS, 200 μM of palmitate or LPS plus PA for 12 or 24 h and lipidomic analysis was conducted to quantify the cellular total
(A), C16- (B), dhC16- (C), C18- (D), C22- (E) ceramide, total SM (F), C16-SM (G), C22-SM (H), C24:1-SM (I), C24-SM (J), Sph (K), dhSph (L), S1P (M), and S1P (N)
levels. The data presented are mean � SEM of duplicate samples. ○:Ctl,□:LPS, ■:PA,●: LPS/PA. Values are expressed as means � SEM. *p < 0.05, **p < 0.01 and ***p
< 0.001.
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Long-chain saturated fatty acid are known to increase membrane
fluidity and flexibility of the cell membrane therefore altering receptor
expression, disrupting receptor signaling and leading to changes in lipid
raft composition which contribute to polarization of the microglia to-
wards M1 phenotype and increases secretion of proinflammatory cyto-
kine [49]. We examined the effect of HMC3 polarization by LPS, and PA,
and our results showed PA and PA combination with LPS upregulatedM1
marker CD86 expression. Lipidomics data showed that PA and PA plus
LPS stimulated ceramide production by increasing both ceramide do novo
synthesis and SM hydrolysis. Our previous study showed PA-increased
ceramide production by activating NFκB activity human retinal micro-
vascular endothelia cells [50]. Thus, our findings indicate that the in-
crease in ceramide and SM production by PA and LPS plus PA may be
through NFκB and AP-1 transcriptional activity. LPS and PA induced
sphingolipid may play a critical role in the proinflammatory response via
modulating microglia M1/M2 polarization.
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5. Conclusions

Our present study was focused on the role of low-dose LPS and PA in
microglial polarization, in the up-regulation of proinflammatory cyto-
kine expression, and in the responsible underlying mechanisms. HMC3
proved to be a useful experimental model to investigate the physiopa-
thology of microglia cells, including the interactions between the
microglia and other cell types in CNS during neuroinflammation and
neurodegeneration. Our results strongly suggest preventing systemic
inflammation and the release of proinflammatory mediators by
monocyte-derived macrophages and lymphocytes may contribute to
decrease microglia activation and the subsequent CNS inflammatory
process.
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