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Abstract

Objectives—Increased levels of both saturated fatty acids (SFAs) and lipopolysaccharide (LPS) 

are associated with type 2 diabetes. However, it remains largely unknown how SFAs interact with 

LPS to regulate inflammatory responses in microvascular endothelial cells (MIC ECs) that are 

critically involved in atherosclerosis as a diabetic complication. In this study, we compared the 

effects of LPS, palmitic acid (PA), the most abundant saturated fatty acid, or the combination of 

LPS and PA on interleukin (IL)-6 expression by MIC ECs and explored the underlying 

mechanisms.

Methods—Human cardiac MIC ECs were treated with LPS, PA and LPS plus PA and the 

regulatory pathways including receptors, signal transduction, transcription and post-transcription, 

and sphingolipid metabolism for IL-6 expression were investigated.

Results—G protein-coupled receptor (GPR)40 or free fatty acid receptor 1 (FFA1), but not toll-

like receptor 4, was involved in PA-stimulated IL-6 expression. PA not only stimulated IL-6 

expression by itself, but also remarkably enhanced LPS-stimulated IL-6 expression via a 

cooperative stimulation on mitogen-activated protein kinase and nuclear factor kappa B signaling 

pathways, and both transcriptional and post-transcriptional activation. Furthermore, PA induced a 
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robust neutral sphingomyelinase (nSMase)-mediated sphingomyelin hydrolysis that was involved 

in PA-augmented IL-6 upregulation.

Conclusion—PA boosted inflammatory response of microvascular endothelial cells to LPS via 

GPR40 and nSMase.
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1. Introduction

It is known that microvascular system plays an important role in the progression of 

atherosclerosis as the system frequently develops inside atherosclerotic plaques to supply 

oxygen and nutrients for lesion development 1. Furthermore, studies have indicated that 

microvascular system in advanced plaques contribute to intraplaque hemorrhage and plaque 

rupture 1–3. Microvascular endothelial cells (MIC ECs) constituting the microvascular 

system proliferate mainly from the vasa vasorum and penetrate into the intima 1.

To understand the mechanisms involved in MIC EC-associated atherosclerosis, we have 

shown that MIC ECs exhibit a robust inflammatory response to lipopolysaccharide (LPS), a 

potent ligand to activate toll-like receptor (TLR)44, and interact with mononuclear cells 

through secreted interleukin (IL)-6, leading to a remarkable increase in matrix 

metalloproteinase production 5. LPS is present in the circulation at low concentrations and 

studies have shown that the serum LPS activity is correlated with several risk factors of 

atherosclerosis such as chronic inflammation, dyslipidemia, obesity, and diabetes 6, 7.

In addition to LPS, patients with obesity, metabolic syndrome or diabetes also have 

increased serum level of saturated fatty acids (SFA) 8. It has been shown that palmitic acid 

(PA), the most abundant SFA, aggravates neointima formation 9. Given that the serum levels 

of both SFA and LPS are elevated in patients with obesity, metabolic syndrome and type 2 

diabetes 10, and MIC ECs are the first line of cells to directly interact with circulating SFAs 

and LPS, it is important to elucidate how SFAs and LPS interact to stimulate inflammatory 

response of MIC ECs.

In this study, we employed human cardiac MIC ECs and focused on the regulation by LPS 

and/or PA of the expression of IL-6, a key proinflammatory cytokine involved in 

atherosclerosis 11. We found that PA not only stimulated IL-6 expression by itself, but also 

augmented the stimulation of LPS on IL-6 expression. We also found that G protein-coupled 

receptor (GPR)40, also called free fatty acid receptor 1 (FFA1), and neutral 

sphingomyelinase (nSMase) were involved in the PA-augmented IL-6 expression.

2. Materials and methods

2.1. Cell culture

Human cardiac MIC ECs (Lonza, Allendale, NJ) were grown in EGM™-2 media containing 

5% fetal bovine serum, 0.04% hydrocortisone, 0.4% basic fibroblast growth factor, 0.1% 

vascular endothelial growth factor, 0.1% insulin-like growth factor-1 and 0.1% 0.5 epithelial 
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growth factor. The ECs between passage 4 and 8 were used for the experiments. For all 

experiments, cultures of MIC ECs were 100% confluent before the treatments. PA, oleic 

acid (OA) and docosahexaenoic acid (DHA) (Sigma, St. Louis, MO) was dissolved in 0.1 N 

NaOH and 70% ethanol at 70 °C to make 50 mM concentration. The solution was kept at 55 

°C for 10 min and then brought to room temperature. To make PA conjugated with BSA, the 

50 mM PA solution was added dropwise into 5% BSA with low endotoxin and without FA 

(Sigma) to make a final stock of 5 mM PA (final PA/BSA ratio was 2.3:1). The solution was 

kept at 55°C for 10 min, mixed, and brought to room temperature. Unless otherwise 

specified, PA without BSA was used in the experiments.

2.2. Enzyme-linked immunosorbent assay (ELISA)

IL-6 in medium was quantified using sandwich ELISA kits according to the protocol 

provided by the manufacturer (Biolegend, San Diego, CA).

2.3. Real-time polymerase chain reaction (PCR)

Total RNA was isolated from cells using RNeasy minikit (Qiagen, Santa Clarita, CA). First-

strand complementary DNA (cDNA) was synthesized with the iScript™ cDNA synthesis kit 

(Bio-Rad Laboratories, Hercules, CA) using 20 μl of reaction mixture containing 0.5 μg of 

total RNA, 4 μl of 5x iScript reaction mixture, and 1 μl of iScript reverse transcriptase. The 

complete reaction was cycled for 5 minutes at 25 °C, 30 minutes at 42 °C and 5 minutes at 

85°C using a PTC-200 DNA Engine (MJ Research, Waltham, MA). The reverse 

transcription reaction mixture was then diluted 1:10 with nuclease-free water and used for 

PCR amplification in the presence of the primers. The Beacon designer software (PREMIER 

Biosoft International, Palo Alto, CA) was used for primer designing (Human IL6: Forward 

sequence, TGGAGTCACAGAAGGAGTGGCTAAG; Reverse sequence, 

TCTGACCACAGTGAGGAATGTCCAC. Human gpr40: Forward sequence, 

TCAGCCTCTCTCTCCTGCTC; Reverse sequence, CGCACACACTGTCTTCAGGC. 

Human nSMase2: Forward sequence, AGGACTGGCTGGCTGATTTC; Reverse sequence, 

TGTCGTCAGAGGAGCAGTTAT). Primers were synthesized by Integrated DNA 

Technologies, Inc. (Coralville, IA). Real-time PCR was performed in duplicate using 25 μl 

of reaction mixture containing 1.0 μl of RT mixture, 0.2 μM of both primers, and 12.5 μl of 

iQ™ SYBR Green Supermix (Bio-Rad Laboratories). Real-time PCR was run in the 

iCycler™ real-time detection system (Bio-Rad Laboratories) with a two-step method. The 

hot-start enzyme was activated (95°C for 3 min) and cDNA was then amplified for 40 cycles 

consisting of denaturation at 95°C for 10 sec and annealing/extension at 60°C for 45 sec. A 

melt-curve assay was then performed (55°C for 1 min and then temperature was increased 

by 0.5°C every 10 sec) to detect the formation of primer-derived trimmers and dimmers. 

Glyceraldehyde 3-phosphate dehydrogenase (gapdh) was used as a control (Forward primer 

sequence, GAATTTGGCTACAGCAACAGGGTG; Reverse primer sequence, 

TCTCTTCCTCTTGTGCTCTTGCTG). Data were analyzed with the iCycler iQ™ software. 

The average starting quantity (SQ) of fluorescence units was used for analysis. 

Quantification was calculated using the SQ of targeted cDNA relative to that of GAPDH 

cDNA in the same sample.
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2.4. PCR arrays

First-strand cDNA was synthesized from RNA using RT2 First Strand Kit (Qiagen). Human 

TLR signaling pathway-focused PCR Array (Catalog # PAHS-018Z, Qiagen) was 

performed using 2X SuperArray RT2 qPCR master mix and the first strand cDNA by 

following the instruction from the manufacturer.

2.5. IL-6 mRNA stability analysis

Human cardiac MIC ECs were treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA 

for 4 hours, followed by addition of 5 μg/ml of actinomycin D (Sigma-Aldrich Corporate, 

St. Louis, MO). The incubation was continued for 2 and 4 hours after the addition of 

actinomycin D. The cells were then harvested and cellular IL-6 mRNA was quantified using 

real-time PCR as described above.

2.6. Immunoblotting

Cytoplasmic protein of each sample (50 μg) was electrophoresed in a 10% polyacrylamide 

gel. After transferring proteins to a PVDF membrane, total and phosphorylated mitogen-

activated protein kinase (MAPK) including extracellular signal-regulated kinase (ERK), Jun 

N-terminal kinase (JNK) and p38 MAPK were immunoblotted with anti-total and anti-

phosphorylated MAPK primary antibodies (Cell Signaling Technology, Danvers, MA), 

respectively, and horseradish peroxidase (HRP)-conjugated secondary antibody. After 

washing, the kinases was detected by incubating the membrane with chemiluminescence 

reagent (NEN Life Science Products) for 1 min and exposing it to x-ray film for 15–60 

seconds. The X-ray films were scanned using an Epson scanner (Perfection 1200U) and the 

density of bands on the images was quantified using NIH Image version 1.63. The results 

were presented as the ratios of phosphorylated kinase vs. total kinase. Immunoblotting of 

GPR40 was also performed using anti-GPR40 antibody (Santa Cruz Biotechnology, Inc. 

Santa Cruz, CA).

2.7. Transfection and luciferase activity assay

Human cardiac MIC ECs were transfected with 1 μg of nuclear factor kappa B (NFκB) 

Cignal Reporter (Qiagen) using FuGENE 6 (Promega, Madison, WI) as transfection reagent 

for 8 h. The renilla luciferase constructs were used as control. The cells were then treated 

with fresh medium containing 5 ng/ml LPS, 100 μM PA or LPS plus PA for 24 h. After the 

treatment, the cells were rinsed with cold PBS and lysed with the buffer from Dual-

Luciferase Reporter Assay System (Promega). Both firefly and renilla luciferase levels were 

measured in a luminometer using the dual-luciferase reporter assay reagents (Promega) 

according to the instruction from the manufacturer. The firefly luciferase levels were 

normalized to the renilla luciferase levels.

2.8. Lipidomics

Human cardiac MIC ECs were 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, CERs, and SM were performed on a Thermo Finnigan TSQ 
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7000 triple quadrupole mass spectrometer operating in a multiple reaction monitoring 

positive ionization mode. The phosphate contents of the lipid extracts were used to 

normalize the MS measurements of sphingolipids. The phosphate contents of the lipid 

extracts were measured with a standard curve analysis and a colorimetric assay of ashed 

phosphate 12.

2.9. Treatment of cells with inhibitors of MAPK and NFκB pathways, and sphingolipid 
metabolism

Human cardiac MIC ECs were treated with 5 ng/ml LPS, 100 μM PA or LPS plus PA in the 

absence or presence of 5 or 10 μM of PD98059, SP600125, SB203580, 1 or 5 μM of 

Bay117085 (Calbiochem/EMD Biosciences, Inc., San Diego, CA) for 24 h. After the 

treatment, IL-6 in medium was quantified using ELISA. For experiments on sphingolipid 

pathway, human cardiac MIC ECs were treated with 5 ng/ml LPS, 100 μM PA or LPS plus 

PA in the absence or presence of imipramine hydrochloride (Sigma-Aldrich Corporate), 

GW4869 (Sigma-Aldrich Corporate), myriocin (Cayman Chemical, Ann Arbor, MI), or 

fumonisin B1 (Cayman Chemical) for 24 hours. After the treatment, IL-6 in culture medium 

was quantified using ELISA.

2.10. RNA interference

Human cardiac MIC ECs were transiently transfected with 10 nM of GPR40 siRNA, 

nSMase siRNA or scrambled siRNA control (Santa Cruz Biotechnology, Inc.) using 

Lipofectamine™ RNAiMAX (Life Technologies, Grand Island, NY) by following the 

manufacturer’s instructions. Twenty-four hours later, transfected cells were treated with or 

without 5 ng/ml LPS, 100 μM PA or LPS plus PA for 24 h.

2.11. Statistic analysis

The experiments were performed 3 times and the data were presented as mean ± SD. One-

way ANOVA was performed to determine the statistical significance of cytokine expression 

among different experimental groups. A value of P< 0.05 was considered significant.

3. Results

3.1. PA not only stimulates IL-6 expression, but also augments the effect of LPS

We first determined the effect of PA, LPS or PA plus LPS on IL-6 secretion in cardiac MIC 

ECs. Results showed that while LPS stimulated IL-6 secretion in a concentration-dependent 

manner, PA further augmented the stimulatory effect of LPS on IL-6 secretion (Fig. 1A). 

Since we used BSA-free PA in this study, we compared the effects of BSA-free PA and PA 

conjugated with low endotoxin BSA on LPS-stimulated IL-6 secretion. Results showed that 

while BSA-free PA and BSA-conjugated PA increased IL-6 secretion similarly, they also 

exerted a similar effect on enhancement of LPS-stimulated IL-6 secretion (Fig. 1B). 

Furthermore, to show the effects of unsaturated fatty acids on LPS signaling, we treated 

cardiac MC ECs with oleic acid (OA) or docosahexaenoic acid (DHA) in the absence or 

presence of LPS. Results showed that OA and DHA not only inhibited IL-6 secretion by 

themselves, but also attenuated the effect of LPS on IL-6 secretion (Fig. 1C). Additionally, 
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OA and DHA also inhibited PA-stimulated IL-6 secretion (Fig. 1C). These findings clearly 

reveal the specificity of PA in the enhancement of LPS-triggered signaling.

To characterize the effect of LPS, PA or LPS plus PA on IL-6 expression, we performed 

time course studies on IL-6 mRNA expression and protein secretion. As shown in Fig. 1D, 

the kinetics of IL-6 mRNA expression stimulated by PA is strikingly different from that by 

LPS. LPS stimulated a quick but brief increase in IL-6 mRNA with a peak at 4 h while PA 

induced a delayed but prolonged IL-6 mRNA expression. Further, the kinetics of IL-6 

mRNA expression stimulated by the combination of PA and LPS was also remarkably 

different from that stimulated by LPS alone. The combination of LPS and PA not only 

prevented the sharp decrease of IL-6 mRNA observed in cells treated with LPS alone at 8 h, 

but also stimulated a high and prolonged IL-6 mRNA expression (Fig. 1D).

Consistent with the kinetics of mRNA expression, the quantification of IL-6 protein in 

culture medium showed that LPS alone induced a quick IL-6 secretion at 8 h while PA 

stimulated a delayed but persistent increase in IL-6 protein secretion (Fig. 1E). Moreover, 

the combination of LPS and PA led to a liner and remarkable increase in IL-6 secretion. 

Thus, these data showed that LPS and PA exerted a synergistic effect on IL-6 expression.

To further define the effects of LPS and PA on the cellular inflammatory response, we 

performed gene expression analysis using a PCR array. As shown in Table 1, either LPS (4-

h stimulation) or PA (36-h stimulation) had similar stimulation on several inflammatory 

cytokines such as colony stimulating factors (CSFs), IL-1, IL-6, IL-8, and TNFα. The genes 

stimulated by both LPS and PA were accounted for 60% of all genes upregulated by 2-fold 

or more by LPS or PA. Interestingly, LPS and PA also stimulated different genes. For 

example, LPS stimulated chemokine C-C motif ligand 2 (CCL2 or MCP-1) and chemokine 

C-X-C motif ligand 10 (CXCL10) while PA stimulated c-Fos, heat-shock protein 1A 

(HSPA1A) and IFNγ, suggesting that LPS and PA do not share a regulatory pathway for 

gene expression. Furthermore, the PCR array analysis showed that the combination of LPS 

and PA (36-h stimulation) led to an increased expression of many important genes such as 

CSF2, CSF3, FOS, IL-1β and PTGS2 as compared to LPS or PA alone (Table 2), revealing a 

potential synergy between LPS and PA on vascular inflammation.

3.2. GPR40, but not TLR4, mediates PA-stimulated IL-6 expression

We next determined if TLR4 is involved in PA-stimulated IL-6 upregulation since it was 

reported previously that PA-stimulated gene expression in ECs was mediated by TLR413. 

Results showed that the anti-TLR4 antibodies effectively inhibited LPS-stimulated IL-6 in a 

concentration-dependent manner (Fig. 2A), but failed to block the stimulatory effect of PA 

(Fig. 2B), indicating that TLR4 does not mediate PA-stimulated IL-6 expression. Since the 

recent studies showed that GPR40/FFA1 was expressed by pancreatic beta cells and 

mediated the actions of PA in inducing beta cell apoptosis 14, 15 and GPR40/FFA1 is known 

to be expressed by MIC ECs 16, 17, we determined if GPR40 plays a role in PA-stimulated 

IL-6 expression in human cardiac MIC ECs. Using GPR40 selective antagonist GW110018, 

our study showed that antagonizing GPR40 effectively inhibited PA-stimulated IL-6 

secretion (Fig. 2C). Surprisingly, results showed that GW1100 also inhibited LPS-stimulated 

IL-6 secretion, suggesting that the binding of GPR40 by GW1100 may activate signaling 
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pathways that interfere LPS-triggered TLR4 signaling. To corroborate the above findings, 

we transfected cells with GPR40 siRNA to knock down GPR40 mRNA level (Fig. 2D). 

Results showed that the knockdown of GPR40 mRNA expression by siRNA markedly 

reduced PA-stimulated IL-6 expression (Fig. 2E). We further determined if GPR40 is 

involved in OA-inhibited LPS signaling and results showed that GPR40 antagonist GW1100 

did not neutralize the inhibitory effect of OA on LPS-stimulated IL-6 by LPS (Fig. 2F), 

suggesting that GPR40 does not mediate the effect of OA. Taken together, these data 

indicate that GPR40, but not TLR4, is involved in PA-stimulated IL-6 expression in human 

cardiac MIC ECs.

Since it is known that the MAPK and NFκB signaling pathways are involved in IL-6 

expression 19, 20, we determined if PA activates MAPK and NFκB pathways in human 

cardiac MIC ECs. The results showed that PA stimulated the phosphorylation of ERK (Fig. 

3A), JNK (Fig. 3B) and p38 MAPK (Fig. 3C) in a time-dependent manner and the kinetics 

of the phosphorylation stimulated by PA is similar to that stimulated by LPS. Interestingly, 

quantification of phosphorylated EKR, JNK and p38 MAPK showed that LPS and PA 

cooperatively stimulated the phosphorylation of ERK (Fig. 3A) and JNK (Fig. 3B). For 

NFκB pathway, we used a luciferase reporter system to determine the effect of LPS, PA or 

LPS plus PA on NFκB activity. Results showed that while either LPS or PA increased 

NFκB activity, LPS plus PA further augmented it (Fig. 3D). Furthermore, we determined if 

MAPK and NFκB pathways are required for PA-stimulated IL-6 expression using 

pharmacological inhibitors. Results showed that the ERK pathway inhibitor PD98059, JNK 

pathway inhibitor SP600126, p38 MAPK pathway inhibitor SB203580, and NFκB pathway 

inhibitor Bay11-7082 inhibited the stimulatory effect of LPS, PA or LPS plus PA on IL-6 

secretion in a dose-dependent manner (Fig. 3E and F).

3.3. PA enhances LPS-stimulated IL-6 expression through both transcriptional and post-
transcriptional regulations

In this study, we determined if the enhancement of LPS-stimulated IL-6 expression by PA 

was achieved via transcriptional and/or post-transcriptional regulation. Results showed that 

when actinomycin D (Act D), a potent transcription inhibitor 21, was added to cells before 

the treatment with LPS plus PA, it inhibited IL-6 expression stimulated with LPS plus PA 

by 98% (Fig. 4A), indicating that transcriptional activation is responsible for IL-6 

upregulation by LPS plus PA. This result also indicates that Act D at 5 μg/ml is capable of 

virtually abolishing IL-6 transcription, which is important for the next study in which 

complete inhibition of IL-6 transcription is required to evaluate the effect of PA on post-

transcriptional regulation of IL-6.

In the study to determine if PA also enhances LPS effect through post-transcriptional 

regulation, we first stimulated cells with LPS or LPS plus PA for 4 h in the absence of Act D 

to induce IL-6 expression. The reason to select 4 h as the stimulation period is that Fig. 1B 

showed that stimulation with LPS or LPS plus PA for 4 h led to a marked increase in IL-6 

mRNA expression. After 4-h stimulation, Act D (5 μg/ml) was added to part of the wells and 

the stimulation with LPS or LPS plus PA was continued for the next 4 h. The IL-6 mRNA 

levels before addition of Act D (0 h), 2 h and 4 h were quantified and IL-6 mRNA level at 0 
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h before the addition of Act D was considered as 100%. Results (Fig. 4B) showed that, 

without Act D, IL-6 expression by cells treated with LPS was reduced by 75% at 4 h, which 

is in agreement with the results shown in Fig. 1B. With Act D, IL-6 expression by cells 

treated with LPS was reduced by 62% at 4 h, suggesting that newly synthesized protein (s) is 

involved in IL-6 mRNA degradation. In cells treated with LPS plus PA in the absence of Act 

D, IL-6 expression was increased at 2 h and then slightly decreased, which is consistent with 

the results shown in Fig. 1B. However, when cells were treated with LPS plus PA in the 

presence of Act D, IL-6 expression was reduced by 43% at 4 h. These findings indicate that 

the upregulation of IL-6 expression at 4 h by LPS plus PA is largely controlled at the 

transcriptional level since Act D reverses IL-6 mRNA expression from upregulation to 

downregulation. Importantly, with Act D, IL-6 mRNA degradation at 4 h in cells treated 

with LPS alone was more than that in cells treated with LPS plus PA (62% vs 43%) (Fig. 

4B), suggesting that addition of PA to LPS increased not only IL-6 transcription, but also 

IL-6 mRNA stability.

3.4. PA induces a robust sphingomyelin (SM) hydrolysis that is involved in the IL-6 
upregulation

Since it has been reported that ceramide (CER), a bioactive sphingolipid, is involved in 

LPS-stimulated expression of proinflammatory genes 22, 23 and SM hydrolysis plays a major 

role in CER production (Fig. 5A), we determined if SM hydrolysis is involved in the 

augmentation of LPS-stimulated IL-6 expression by PA in human cardiac MIC ECs. 

Strikingly, our lipidomic study showed that PA robustly reduced cellular SM content by 

53% (12.25 vs 26.42 pmol/nmol Pi), but LPS only reduced SM by 6% (24.93 vs 26.42 pmol/

nmol Pi) (Fig. 5B). The combination of LPS and PA did not further reduce SM hydrolysis as 

compared to PA alone. We then determined if SM hydrolysis by is involved in PA-increased 

IL-6 expression by inhibiting either acid sphingomyelinase (aSMase) or neutral 

sphingomyelinase (nSMase). Both aSMase and nSMase are responsible for hydrolyzing SM 

(Fig. 5A). Results showed that imipramine, a pharmacological inhibitor of aSMase, had no 

effect on IL-6 secretion induced by LPS, PA or LPS plus PA (Fig. 5C), but GW4869, an 

inhibitor of nSMase, inhibited it significantly (Fig. 5D). In a parallel experiment, our 

lipidomics data showed that PA hydrolyzed 42% of SM in the absence of GW4869, but 

hydrolyzed 17% of SM in the presence of GW4869 (Table 3). Furthermore, since nSMase 2 

has been shown to play a key role in the inflammatory response in ECs 24, we knocked 

down nSMase 2 mRNA expression using siRNA transfection to assess the role of nSMase 2 

in IL-6 upregulation. Results showed that knockdown of nSMase 2 mRNA expression (Fig. 

5E) potently inhibited the stimulation of IL-6 secretion by LPS, PA or PA plus LPS (Fig. 

5F).

3.5. De novo synthesis of CER is also involved in IL-6 upregulaton by LPS or LPS plus PA

In addition to SM hydrolysis, the de novo synthesis of CER also contributes to the cellular 

CER level (Fig. 6A). In this study, we first determined the regulation of cellular level of 

CER by LPS, PA or LPS plus PA. Our lipidomic study showed that PA increased CER and 

the combination of LPS and PA further increased it (Fig. 6B). We then used the inhibitors 

for the de novo synthesis of CER to determine if the de novo synthesis of CER is involved in 

IL-6 upregulation. Results showed that myriocin, an inhibitor of serine palmitoytransferase 
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(SPT) 25, or fumonisin B1, an inhibitor of CER synthase 26, inhibited LPS-stimulated IL-6 

secretion by 35% and 30%, respectively (Fig. 6C and 6D). Results also showed that 

myriocin and fumonisin B1 inhibited IL-6 secretion stimulated by LPS plus PA by 30%. In 

contrast, myriocin and fumonisin B1 failed to inhibit PA-stimulated IL-6 secretion (Fig. 6C 

and 6D), suggesting that the de novo synthesis of CER is involved in IL-6 upregulation 

stimulated by LPS and LPS plus PA, but not PA alone. Consistently, our lipidomics data 

(Table 4) showed that myriocin reduced CER production in cells treated with LPS or LPS 

plus PA, but had no effect on PA-increased CER production, suggesting that PA-increased 

CER production is largely derived from SM hydrolysis.

4. Discussion

PA has been considered as an endogenous ligand for TLR4, but this notion was challenged 

by the reports that BSA used for PA conjugation has LPS contamination that is likely the 

cause of TLR4 ligation 27, 28. In the current study, we used BSA-free PA as reported 

previously to preclude LPS contamination 29. In the study of Schwartz et al., BSA-free PA 

was considered to complex with the BSA already present in the 10% fetal bovine serum in 

the culture medium 29. This notion, however, has not been confirmed. To determine if BSA-

free PA has similar stimulation as PA conjugated with BSA, we compared the effects of 

BSA-free PA and PA conjugated with low endotoxin BSA on IL-6 upregulation by LPS. 

Result showed that BSA-free PA and PA conjugated with low endotoxin BSA exerted a 

similar effect on the enhancement of LPS-stimulated IL-6 secretion (Fig. 1B).

Our findings demonstrate that GPR40, but not TLR4, plays an important role in the 

upregulation of IL-6 by PA in human cardiac MIC ECs. GPR40, a G protein-coupled 

receptor also called FFA1, is expressed abundantly in the pancreatic β-cells and serves as 

receptor for long-chain FFAs 30. It has been shown that activation of GPR40 by long-chain 

FFAs leads to an enhanced β-cell response to glucose in the secretion of insulin 31. Thus, 

GPR40 activation has been proposed as a therapeutic strategy to increase insulin secretion in 

treatment of diabetes. However, recent studies have shown that GPR40 mediates the effect 

of PA on beta-cell apoptosis 14, 15. These studies indicate that although different free fatty 

acids and synthetic agonists are capable of engaging GPR40, they can elicit different 

GPR40-mediated signaling cascades, leading to diverse cellular functions. In supporting this 

notion, our current study demonstrated for the first time that GPR40 in human cardiac MIC 

ECs mediated PA-stimulated proinflammatory cytokine expression.

It is noteworthy that the stimulatory effect of PA on IL-6 expression in cardiac MIC ECs is 

cell type specific since PA failed to stimulate IL-6 expression in macrophages although it 

enhances the effect of LPS on IL-6 expression 32. Furthermore, our time-course study as 

shown in Fig. 1B suggested that the regulatory pathways involved in the stimulation of IL-6 

expression by PA and LPS are strikingly different. First, there was a 12 h-delay in IL-6 

mRNA expression in response to PA, which contrasts the rapid rise of IL-6 expression with 

a peak at 4 h in response to LPS. Second, PA-stimulated IL-6 expression was gradually 

increased after 12 h delay and plateaued at the high level after 36 h, which is sharply 

different from the rapidly declined IL-6 expression after 4 h in response to LPS. It appears 

that LPS initiates an “acute” action, but PA exerts a “chronic” effect on IL-6 expression.
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It is intriguing to find that the combination of PA and LPS dramatically increased IL-6 

mRNA expression in both extent and duration (Fig. 1B). Although the underlying 

mechanisms have not been completely understood, our study has shed lights into the 

interaction between LPS and PA. First, LPS and PA had an additive effect on ERK, JNK 

and NFκB signaling activation that is known to mediate IL-6 upregulation. Second, our data 

showed that PA enhanced LPS-stimulated IL-6 expression via both transcriptional and post-

transcriptional regulations. Since IL-6 mRNA is unstable and readily degraded by RNase 33, 

this finding suggests that PA inhibits RNase-mediated IL-6 mRNA degradation in addition 

to its stimulation on IL-6 transcription.

Active sphingolipids play an important role in regulating expression of pro-inflammatory 

genes 32, 34. Therefore, we sought to elucidate the interactions between LPS and PA on 

sphingolipid metabolism in human cardiac MIC ECs and determine if sphingolipids are 

involved in IL-6 upregulation by LPS and PA. Surprisingly, results showed that PA 

stimulated a robust SM hydrolysis by reducing 53% of the cellular SM. Further 

investigations revealed that nSMase, but not aSMase, was responsible for PA-stimulated SM 

hydrolysis. The involvement of nSMase in SM hydrolysis in cardiac MIC ECs is interesting 

since our recent study showed that aSMase contributed to SM hydrolysis in response to PA 

in macrophages 32. Previously, studies have shown that different inflammatory mediators 

regulate gene expression via either nSMase- or aSMase-mediated SM hydrolysis in vascular 

ECs. For example, TNFα stimulated endothelial nitric oxide synthase (eNOS) via nSMase-

mediated SM hydrolysis 35, but platelet-activating factor reduced eNOS production via 

aSMase 36. Here, we showed for the first time that same stimulus like PA activated different 

SMase in different types of cells to promote inflammatory response.

In addition to the effect of PA on SM hydrolysis that generates CER, it is known that PA 

also increases cellular content of palmitoyl-CoA, a substrate for the de novo synthesis of 

CER 37, 38. Interestingly, our present study showed that while myriocin, an inhibitor of SPT 

that is the initial and rate-limiting enzyme for the de novo CER synthesis, reduced CER in 

cells treated with LPS and LPS plus PA, it failed to decrease PA-stimulated CER (Table 4), 

suggesting that the CER increase in response to PA was mainly derived from SM hydrolysis. 

This data are consistent with our observation that myriocin had no effect on PA-stimulated 

IL-6 secretion (Fig. 6C).

In conclusion, our study demonstrated that PA and LPS exerted a cooperative stimulation 

via GPR40 and TLR4, respectively, on MAPK and NFκB signaling pathways, leading to 

IL-6 upregulation. Moreover, our study also demonstrated that PA stimulated a robust 

nSMase-mediated SM hydrolysis and subsequent CER production, which contributed to PA-

stimulated IL-6 upregulation.
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Highlights

• We demonstrated how palmitic acid enhanced LPS in stimulation of IL-6 

expression.

• GPR40, but not TLR4, was involved in palmitic acid-enhanced IL-6 expression.

• Palmitic acid augmented LPS-triggered MAPK and NFκB signaling activation.

• Sphingolipid metabolism was also involved in palmitic acid-enhanced IL-6 

expression.
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Figure 1. 
The effect of LPS, PA or LPS plus PA on IL-6 expression in cardiac microvascular (MIC) 

endothelial cells (ECs). A. Concentration-dependent augmentation of LPS-stimulated IL-6 

secretion by PA. MIC ECs were treated with different concentrations of LPS (0–10 ng/ml) 

in the absence or presence of 100 or 250 μM of PA for 24 h. After the treatment, IL-6 in 

culture medium was quantified using ELISA. B. The effect of BSA-free PA and BSA-

conjugated PA on IL-6 secretion. MIC ECs were treated with 100 μM of either BSA-free PA 

or PA conjugated with low endotoxin BSA in the absence or presence of 5 ng/ml of LPS for 

24 h and IL-6 in culture medium was then quantified. C. The effect of oleic acid (OA) or 

docosahexaenoic acid (DHA) on LPS- or PA-stimulated IL-6 secretion. MIC ECs were 

treated with 100 μM of PA, OA or DHA in the absence or presence of 5 ng/ml of LPS for 24 

h and IL-6 in culture medium was then quantified. D and E. Time course of IL-6 mRNA 

expression (D) and IL-6 protein secretion (E) by MIC ECs treated with LPS, PA or LPS plus 

PA. MIC ECs were treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA and the cells 

were harvested at 4, 8, 12, 24, 36, and 48 h. Total RNA was isolated from cells and IL-6 

mRNA was quantified using real-time PCR. IL-6 mRNA was normalized to GAPDH 

mRNA. The culture medium from the above experiments was collected at each time point 

before the cell harvest and IL-6 protein in culture medium was quantified using ELISA.
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Figure 2. 
LPS and PA upregulate IL-6 expression via different receptors. A and B. The effect of anti-

toll-like receptor (TLR)4 antibodies on LPS- (A) or PA-stimulated (B) IL-6 secretion. MIC 

ECs were treated with 5 ng/ml of LPS or 100 μM of PA in the absence or presence of 5 or 

10 μg/ml of anti-TLR4 antibodies for 24 or 48 h. After the treatment, IL-6 in culture 

medium was quantified. C. The effect of GPR40 antagonist GW1100 on IL-6 secretion 

stimulated by LPS, PA or LPS plus PA. MIC ECs were treated with 5 ng/ml of LPS, 100 μM 

of PA or LPS plus PA in the absence or presence of 1 or 10 μM of GW1100 for 24 h. After 

the treatment, IL-6 in culture medium was quantified. D. GPR40 protein expression in MIC 

ECs transfected with control siRNA or GPR40 siRNA. MIC ECs were transfected with 10 

nM of control or GPR40 siRNA for 24 h and membrane protein was isolated for 

immunoblotting of GPR40. A representative immunoblotting of GPR40 was shown. The 

bands for GPR40 and β-actin from two immuneblots were quantified by densitometric 

analysis and the ratios of GPR40 vs β-actin were presented (P<0.05, control siRNA vs 

GPR40 siRNA). E. The effect of GPR40 siRNA on IL-6 expression stimulated by LPS, PA 

or LPS plus PA. MIC ECs were transfected with control siRNA or GPR40 siRNA for 24 h 

as described above and then treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA for 

another 24 h. After the treatments, IL-6 mRNA was quantified using real-time PCR. The 

data are mean ± SD of a representative experiment from three experiments. F. The effect of 

GPR40 antagonist GW1100 on the inhibition by OA of IL-6 secretion stimulated by LPS. 

MIC ECs were treated with 5 ng/ml of LPS and/or 100 μM of OA in the absence or presence 

of 10 μM of GW1100 for 24 h. After the treatment, IL-6 in culture medium was quantified.
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Figure 3. 
The involvement of MAPK and NFκB signaling pathways in IL-6 secretion stimulated by 

LPS, PA or LPS plus PA. A-C. Activation of ERK (A), JNK (B) and p38 MAPK (C) by 

LPS, PA or LPS plus PA. MIC ECs were treated with 5 ng/ml of LPS [L], 100 μM of PA [P] 

or LPS plus PA [LP] for 5, 10, 20, 30 and 60 min. At each time point, cells were harvested 

for immunoblotting of phosphorylated and total ERK, JNK and p38 MAPK. The intensity of 

phosphorylated ERK, JNK and p38 MAPK was quantified and normalized to that of total 

ERK, JNK and p38 MAPK, respectively. D. The effect of LPS, PA or LPS plus PA on 

NFκB activity. MIC ECs were transfected with NFκB promoter-containing luciferase 

reporter vectors for 8 h and then treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA 

for 24 h. After the treatment, cells were harvested for luciferase activity assays. E and F. 

Inhibition by pharmacological inhibitors of IL-6 secretion stimulated by LPS, PA or LPS 

plus PA. MIC ECs were treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA in the 

absence or presence of 5 or 10 μM of PD98059 (PD), inhibitor for ERK pathway, 5 or 10 

μM of SP600126 (SP), inhibitor for JNK pathway, 5 or 10 μM of SB203580 (SB), inhibitor 

for p38 MAPK pathway, or 1 or 5 μM of Bay11-7082 (Bay), inhibitor for NFκB pathway, 

for 24 h. After the treatment, IL-6 in culture medium was quantified.
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Figure 4. 
Transcriptional and post-transcriptional regulation of IL-6 expression by LPS plus PA. A. 

Transcriptional activation of IL-6 expression by LPS plus PA. MIC ECs were treated with 5 

ng/ml of LPS plus 100 μM of PA in the absence or presence of 5 μM of actinomycin D (Act 

D) for 6 h. After the treatment, cellular IL-6 mRNA was quantified. B. The effect of LPS or 

LPS plus PA on IL-6 mRNA stability. MIC ECs were treated without or with 5 ng/ml of 

LPS or 5 ng/ml of LPS plus 100 μM of PA for 4 h in the absence of Act D to induce IL-6 

mRNA expression. After 4-h stimulation, Act D at 5 μM was added to part of the cells and 

the incubation was continued for the next 4 h. The cells were harvested at 0 h (right before 

adding Act D to cells), 2 h and 4 h after adding Act D, and IL-6 mRNA was quantified. The 

amount of IL-6 mRNA at 0 h was considered as 100%. IL-6 mRNA was normalized to 

GAPDH mRNA.
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Figure 5. 
The involvement of neutral sphingomyelinase (nSMase)-mediated sphingomyelin (SM) 

hydrolysis in IL-6 expression stimulated by LPS, PA or LPS plus PA. A. The SM metabolic 

pathway. B. The effect of LPS, PA or LPS plus PA on cellular SM level. MIC ECs were 

treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA for 24 h and lipidomic analysis 

was conducted to quantify the cellular SM levels. C and D. The effect of imipramine (C) or 

GW4869 (D) on IL-6 expression stimulated by LPS, PA or LPS plus PA. MIC ECs were 

treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA in the absence or presence of 1 

or 5 μM of imipramine or GW4869 for 24 h. After the treatment, IL-6 in culture medium 

was quantified. E and F. The effect of nSMase 2 siRNA on IL-6 expression stimulated by 

LPS, PA or LPS plus PA. MIC ECs were transfected with 10 nM of control siRNA or 

nSMase2 siRNA for 24 h and nSMase 2 mRNA in untransfected cells or transfected cells 

was quantified (E). The transfected cells were treated with 5 ng/ml of LPS, 100 μM of PA or 

LPS plus PA for another 24 h and IL-6 in culture medium was quantified using ELISA (F).
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Figure 6. 
The involvement of the de novo synthesis for ceramide (CER) in IL-6 expression in cardiac 

MIC ECs stimulated by LPS, PA or LPS plus PA. A. The metabolic pathway for de novo 

synthesis of CER. B. The effect of LPS, PA or LPS plus PA on cellular CER level. MIC 

ECs were treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA for 24 h and lipidomic 

analysis was conducted to quantify the cellular CER levels. C and D. The involvement of the 

de novo synthesis of CER in IL-6 expression stimulated by LPS, PA or LPS plus PA. MIC 

ECs were treated with 5 ng/ml of LPS, 100 μM of PA or LPS plus PA in the absence or 

presence of 5 or 10 μM of myriocin (C) or 100 or 250 μM of fumonisin B1 (D) for 24 h. 

After the treatment, IL-6 in culture medium was quantified.
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Table 1

Comparison of Stimulatory Effects of LPS and PA on Gene Expression

Genes ΔCt between control 
and LPS

ΔCt between control 
and PA

Fold increase by LPS after 4 
h stimulation

Fold increase by PA after 36 
h stimulation

CCL2 2.46 < 1.00 6 < 2

CSF2 5.77 3.90 55 15

CSF3 6.95 5.48 124 45

CXCL10 1.82 < 1.00 4 < 2

FOS < 1.00 2.00 < 2 4

HSPA1A < 1.00 2.96 < 2 8

IFNG < 1.00 1.11 < 2 2

IL-1A 2.66 2.77 6 7

IL-1B 3.96 4.03 16 16

IL-6 4.17 2.50 18 6

IL-8 3.05 2.22 8 5

IRAK2 2.23 0.94 5 2

IRF1 3.39 1.79 11 3

MAP3K1 1.08 < 1.00 2 < 2

NFKB2 1.47 1.07 3 2

NFKBIA 2.40 1.05 5 2

PTGS2 (COX-2) 1.96 2.06 4 4

REL 1.21 < 1.00 2 < 2

RIPK2 2.08 < 1.00 4 < 2

TNF alpha 3.22 1.90 9 4

Human cardiac MIC ECs were treated with 5 ng/ml of LPS for 4 h or 100 μM of PA for 36 h to achieve maximal stimulation by LPS or PA on gene 
expression. RNA was isolated from duplicate samples, combined and subjected to PCR array as described in the Methods.

Full names for the abbreviations: CCL2, chemokine C-C motif ligand 2, MCP-1; CSF2, colony stimulating factor 2; HSPA1A, heat shock 70kDa 
protein 1A; IFNG, interferon gamma; CXCL10, chemokine C-X-C motif ligand 10; IRAK2, interleukin-1 receptor-associated kinase 2; IRF1, 
interferon regulatory factor 1; MAP3K1, mitogen-activated protein kinase kinase kinase 1; NFKB2, nuclear factor of kappa light polypeptide gene 
enhancer in B-cells 2 (p49/p100); NFKBIA, nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha; PTGS2, 
prostaglandin-endoperoxide synthase 2; REL, V-rel reticuloendotheliosis viral oncogene homolog; RIPK2, receptor-interacting serine-threonine 
kinase 2.
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