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Honokiol suppresses formyl 
peptide-induced human neutrophil 
activation by blocking formyl 
peptide receptor 1
Fu-Chao Liu1,2, Huang-Ping Yu1,2, Yu-Ting Syu3,4, Jia-You Fang1,3,4,6, Chwan-Fwu Lin5,  
Shih-Hsin Chang3,6, Yen-Tung Lee3,5,7 & Tsong-Long Hwang1,3,4,6,7

Formyl peptide receptor 1 (FPR1) mediates bacterial and mitochondrial N-formyl peptides-induced 
neutrophil activation. Therefore, FPR1 is an important therapeutic target for drugs to treat septic 
or sterile inflammatory diseases. Honokiol, a major bioactive compound of Magnoliaceae plants, 
possesses several anti-inflammatory activities. Here, we show that honokiol exhibits an inhibitory 
effect on FPR1 binding in human neutrophils. Honokiol inhibited superoxide anion generation, reactive 
oxygen species formation, and elastase release in bacterial or mitochondrial N-formyl peptides (FPR1 
agonists)-activated human neutrophils. Adhesion of FPR1-induced human neutrophils to cerebral 
endothelial cells was also reduced by honokiol. The receptor-binding results revealed that honokiol 
repressed FPR1-specific ligand N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys-fluorescein binding to FPR1 in human 
neutrophils, neutrophil-like THP-1 cells, and hFPR1-transfected HEK293 cells. However, honokiol did 
not inhibit FPR2-specific ligand binding to FPR2 in human neutrophils. Furthermore, honokiol inhibited 
FPR1 agonist-induced calcium mobilization as well as phosphorylation of p38 MAPK, ERK, and JNK in 
human neutrophils. In conclusion, our data demonstrate that honokiol may have therapeutic potential 
for treating FPR1-mediated inflammatory diseases.

Inflammation is a major feature of the host response against external pathogen invasion or internal pathologic 
progression. Immune responses are complex and essential, affecting organ function and the survival of an indi-
vidual. Leukocyte activation and infiltration are expressions of the inflammatory and immune responses1, 2. 
About 40%-75% of circulating human leukocytes are neutrophils that not only serve as phagocytes but also gen-
erate inflammatory mediators to produce inflammatory stimuli3, 4. However, toxic reactive oxygen species (ROS) 
and proteolytic enzymes released by activated neutrophils can destroy the surrounding tissue1, 5. Therefore, the 
attenuation of neutrophil activation is a critical strategy to decrease the inflammatory response and thus alleviate 
inflammatory diseases4, 6–8.

Honokiol, a major bioactive compound derived from the Magnoliaceae plants, has several pharmacological 
effects including anticancer, antimicrobial, antioxidant, anti-inflammatory and organ-protective properties9–13. 
Honokiol can also inhibit neutrophil infiltration, suppress ROS generation and protect against heart and brain 
ischemia/reperfusion injury14, 15. Liu et al. has reported that honokiol attenuated rat traumatic spinal cord injury 
through downregulation of Kruppel-like factor 4 expression and suppression of the inflammatory response16. 
In addition, honokiol was found to be a natural inhibitor of nuclear (NF)-κB and to inhibit NF-κB-mediated 
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gene expression, including the expression of tumor necrosis factor (TNF)-α, intercellular adhesion molecule-1, 
monocyte chemotactic protein-1 and matrix metalloproteinase-9 in various cell types17. Our previous study 
showed that honokiol attenuates vascular cell adhesion molecule-1 expression and neutrophil adhesion in 
TNF-α-induced cerebral endothelial cells (ECs)18. Neutrophils have significant roles in various inflammatory 
disorders and autoimmune diseases4, 19. Honokiol displays potent anti-inflammatory activity to reduce tissue 
damage11, 14–16, 20. However, the pharmacological effects and molecular target of honokiol in human neutrophils 
remain unclear.

Formyl peptide receptors (FPRs) are pattern recognition receptors that recognize exogenous 
pathogen-associated or endogenous damage-associated molecular patterns8. Previous researches have shown that 
FPR1 mediates neutrophil activation during inflammation21, 22. FPR1 can attract neutrophils to inflammatory site 
and mediate intracellular signal transduction in immune responses23, 24. FPR1 activation leads to either infectious 
or sterile inflammation by recognizing bacterial or mitochondrial N-formyl peptides25, 26. FPR1 antagonists have 
important anti-inflammatory effects based on in vitro and in vivo studies8. Therefore, inhibition of FPR1 may 
represent a novel therapeutic target for sterile or septic inflammatory diseases27. In this study, we sought to eluci-
date the exact mechanism of honokiol-associated anti-inflammatory activity in human neutrophils. The present 
results showed that honokiol inhibits N-formyl peptide-induced superoxide anion generation, elastase release, 
and cell adhesion in human neutrophils.

Results
Honokiol inhibits superoxide anion generation, elastase release, and ROS formation in 
N-formyl peptides-activated human neutrophils.  Superoxide anion generation, elastase release, and 
ROS formation are important indicators of respiratory burst and degranulation in activated human neutrophils. 
Honokiol (1, 3, and 10 μM) had dose-dependent inhibitory effects on superoxide anion generation and elastase 
release in human neutrophils activated by a bacterial FPR1 activator, N-formyl-Met-Leu-Phe (fMLF), with IC50 
values of 3.31 ± 0.52 and 4.16 ± 0.32 μM, respectively (Fig. 1A). Moreover, honokiol also inhibited human mito-
chondrial N-formyl peptide, N-formyl-Met-Met-Tyr-Ala-Leu-Phe (fMMYALF)28, induced human neutrophil 
superoxide anion generation and elastase release with IC50 values of 4.01 ± 0.59 and 3.75 ± 0.81 μM, respectively 
(Fig. 1B). Honokiol (10 μM) did not alter superoxide anion generation and elastase release in resting human 
neutrophils.

Honokiol (1, 3, and 10 μM) did not show significant inhibitory effect on superoxide anion generation in phor-
bol 12-myristate 13-acetate (PMA, a protein kinase c activator)-induced human neutrophils (Fig. 1C). The super-
oxide anion-scavenging ability of honokiol was evaluated using a cell-free xanthine/xanthine oxidase system. Our 
data showed that honokiol (1, 3, and 10 μM) had no significant superoxide anion-scavenging effect. Superoxide 
dismutase (SOD, 20 U/ml) was used as a positive control (Fig. 1D). A cytotoxicity study was performed to deter-
mine whether the inhibitory effects of honokiol are mediated via cytotoxic effect. Honokiol (1, 3, and 10 μM) did 
not cause lactate dehydrogenase (LDH) release (Fig. 1E). These results suggested that its anti-inflammatory effects 
on neutrophil respiratory burst and degranulation were not due to superoxide anion scavenging or cytotoxicity.

The superoxide anion formed by NADPH oxidase in neutrophils can be converted to various ROS, leading 
to extensive tissue damage. Flow cytometric analysis showed that ROS formation in fMLF-stimulated human 
neutrophils was strongly inhibited by honokiol (0.1–10 μM) in a dose-dependent manner with an IC50 value of 
1.28 ± 0.39 μM (Fig. 2).

In addition, human neutrophils were stimulated with other chemoattractants, including leukotriene B4 
(LTB4), interleukin-8 (IL-8), and platelet activating factor (PAF), to induce elastase release. Honokiol, at low con-
centrations (1 and 3 μM), did not show significant inhibitory effect on these chemoattractants-induced elastase 
release (Supplementary Fig. S1). The IC50 values of honokiol on elastase release induced by LTB4, IL-8, and PAF 
were 6.51 ± 1.43, 6.86 ± 1.38, and >10 μM, respectively. These results suggest that honokiol has more sensitive 
inhibitory effects on FPR1 agonist-activated human neutrophils.

Honokiol decreases FPR1-specific ligand binding to FPR1 in human neutrophils, neutrophil-like 
THP-1 cells, and FPR1-transfected HEK-293 cells.  To examine whether honokiol has a binding 
affinity on FPR1, the receptor binding effect of N-formyl-Nle-Leu-Phe-Nle-Tyr-Lys-fluorescein (fNLFNYK), 
an FPR1-specific fluorescent ligand, on the surface of neutrophils was evaluated using flow cytometry29. The 
results showed that fMLF (10 μM) almost completely inhibited the binding of fNLFNYK (2 nM) on neutrophils. 
Compared with the control group, honokiol (3, 10, and 30 μM) significantly and dose-dependently inhibited the 
binding of fNLFNYK to FPR1 in human neutrophils with an IC50 value of 7.44 ± 0.97 μM (Fig. 3).

To confirm that honokiol has FPR1 binding affinity, the receptor-binding assay was performed in dibutyryl 
cAMP-differentiated THP-1 and hFPR1-transfected HEK-293 cells. Similar results showed that honokiol signifi-
cantly suppressed the binding of fNLFNYK to FPR1 in both FPR1-expressed neutrophil-like cells (Fig. 4). These 
results again support the hypothesis that honokiol acts as a FPR1 inhibitor in human neutrophils. In addition, the 
binding capability of honokiol on the dose–response curve of fNLFNYK (0.25–24 nM) was examined. We found 
that the binding effects of high concentrations of fNLFNYK were also replaced by honokiol (Fig. 5), suggesting 
that honokiol binds to FPR1 in a high-affinity manner.

Neither FPR1 mRNA expression nor FPR2 binding activity is altered by honokiol.  To further 
investigate the specific binding activity of honokiol in human neutrophils, the expression of FPR1 mRNA and 
receptor binding effect of FPR2 were studied. As shown in Fig. 6A, treatment of honokiol and fMLF for 30 min 
did not alter the FPR1 mRNA levels in human neutrophils, ruling out the effect of honokiol on mRNA level. 
Human FPR family has three members, FPR1, FPR2, and FPR3. Human neutrophils contain FPR1 and FPR223, 30. 
The receptor binding effect of Leu-Glu-Ser-Ile-Phe-Arg-Ser-Leu-Leu-Phe-Arg-Val-Met-fluorescein (MMK-1F), 
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Figure 1.  Honokiol inhibits superoxide anion generation and elastase release in FPR1-activated human neutrophils. 
Human neutrophils were incubated with 0.1% DMSO (as control) or honokiol (H; 1, 3, and 10 μM) for 5 min, and 
then activated by (A) fMLF (30 nM), (B) fMMYALF (300 nM), or (C) PMA (10 nM) for another 10 min. When 
fMLF and fMMYALF were used as activators, cells were primed by pre-incubation for 3 min with cytochalasin B 
(CB). Superoxide anion production was measured by ferricytochrome c reduction and elastase release was measured 
spectrophotometrically at 405 nm. (D) Xanthine oxidase was incubated with 0.1% DMSO (as control) or honokiol 
for 3 min, and then xanthine (0.1 mM) was added for 10 min. Reduction of WST-1 by cell-free xanthine/xanthine 
oxidase was measured spectrophotometrically at 450 nm. Superoxide dismutase (SOD; 20 U/ml) was used as a 
positive control. (E) Human neutrophils were incubated with 0.1% DMSO (as control) or honokiol for 15 min. 
Cytotoxicity was measured by assessing LDH release in cell-free medium. Total LDH release was determined by 
lysing cells with 0.1% Triton X-100 for 30 min at 37 °C. All data are expressed as the mean ± S.E.M. (n = 3–5). 
*P < 0.05, **P < 0.01, ***P < 0.001 compared with (A) fMLF, (B) fMMYALF, or (D) control (0.1% DMSO).
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an FPR2-specific fluorescent ligand, on the surface of neutrophils was evaluated. The results showed that WRW4 
(a FPR2 antagonist), but not honokiol, inhibited the binding of MMK-1F on neutrophils (Fig. 6B and C).

Honokiol inhibits dose–response effects of fMLF in human neutrophils.  The dose–response effects 
of fMLF (10–3000 nM) on superoxide anion generation, elastase release, and ROS formation were inhibited in 
the presence of honokiol (10 μM). The maximal effects of fMLF on these responses were significantly suppressed 
by honokiol (Fig. 7). These results also demonstrated that honokiol inhibited FPR1-mediated neutrophil respira-
tory burst and degranulation through high-affinity manners. The adhesion of neutrophils to tissue is a critical 
event in the FPR1-induced inflammatory response. In line with these results, honokiol significantly reduced 
fMLF-induced human neutrophils adherent to cerebral ECs (Fig. 8).

Honokiol exerts inhibitory effects on calcium (Ca2+) mobilization and MAPKs activation in 
fMLF-activated human neutrophils.  Intracellular Ca2+ and MAPKs play important roles in several neu-
trophil functions. To determine whether treatment with honokiol alters Ca2+ mobilization and MAPKs activation 
in fMLF-activated human neutrophils, intracellular Ca2+ concentration ([Ca2+]i) and phosphorylation of MAPKs 
were assayed. Treatment with fMLF led to a rapid and transient increase in [Ca2+]i in human neutrophils. Peak 
[Ca2+]i caused by fMLF was significantly diminished by honokiol (10 μM) (Fig. 9A). In addition, stimulation of 
human neutrophils with fMLF caused rapid phosphorylation of p38 MAPK, ERK, and JNK in dose-dependent 
manners. Similarly, honokiol showed inhibitory effects on the phosphorylation of p38 MAPK, ERK, and JNK 
(Fig. 9B).

Honokiol reduces fMLF-stimulated neutrophils accumulation in the peritoneal cavity in 
mice.  To test whether honokiol has anti-inflammatory activity in vivo, fMLF-induced neutrophils accumu-
lation in the peritoneal cavity of BALB/c mice were studied. Intraperitoneal injection of fMLF for 2 h greatly 
induced accumulation of Ly6G positive neutrophils in the peritoneal cavity of mice. fMLF-induced neutrophils 
recruitment into the peritoneal cavity in mice was significantly suppressed by pre-intraperitoneal injection of 

Figure 2.  Honokiol inhibits ROS formation in fMLF-stimulated human neutrophils. Human neutrophils 
were labelled with DHR 123 (2 μM) and incubated with 0.1% DMSO (as control) or honokiol (H; 0.1–10 μM) 
for 5 min. Cells were activated using fMLF (30 nM) in the presence of CB (0.5 μg/ml) for a further 5 min. (A) 
Representative histograms showing typical fluorescent-activated cell sorting profiles for rhodamine 123 in 
unstimulated cells and in cells stimulated with fMLF in the absence or presence of honokiol at the concentration 
indicated. (B) Mean fluorescence intensity is shown as the mean ± S.E.M. (n = 5). ***P < 0.001 compared with 
fMLF alone.
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honokiol (Fig. 10). This result showed that in vivo chemotaxis of mouse neutrophils induced by FPR1 was also 
suppressed by honokiol.

Discussion
Honokiol is an important bioactive component of Magnolia officinalis, which has been utilized as an herbal med-
icine for many years in Asian countries. Previous studies have shown that honokiol has potent anti-inflammatory 
effects11, 14–18, 20. Human neutrophils play important roles in the pathogenesis of various injuries and diseases, 
including traumatic shock, ischemia-reperfusion injury, acute coronary artery disease, respiratory distress, and 
sepsis31–34. Respiratory burst and degranulation in activated neutrophils have noteworthy effects in these inflam-
matory diseases4, 5, 35. Several potentially anti-microbial and pro-inflammatory proteases can be found in neutro-
phil granules. Elastase is an abundant serine protease secreted by activated human neutrophils36, 37. Superoxide 
anion and elastase released from activated neutrophils can directly or indirectly cause organ damage by destroy-
ing the surrounding tissues. However, the pharmacological mechanisms of honokiol in human neutrophils are 
not well understood. In the present study, we found that honokiol inhibited respiratory burst, degranulation, and 
adhesion in fMLF-activated human neutrophils. Further studies suggest that the anti-inflammatory effects of 
honokiol are mediated through blockade of FPR1.

FPRs are expressed on various immune cells and play a significant role in different inflammatory responses38. 
Two members of this family, FPR1 and FPR2, are expressed on human neutrophils23, 30. FPR1 has a high affin-
ity to formyl peptides produced by bacteria or released from damaged mitochondria during infection or tissue 
injury25–27. Our results showed that honokiol dose-dependently blocked FPR1-specific ligand fNLFNYK bind-
ing29 to FPR1 in human neutrophils, suggesting that honokiol has FPR1 blocking activity. To support this hypoth-
esis, honokiol inhibited fNLFNYK binding to FPR1 in dibutyryl cAMP-differentiated neutrophil-like THP-1 
cells and hFPR1-transfected HEK293 cells. These results indicate that honokiol is a FPR1 inhibitor. Moreover, 
two FPR1 agonists, fMLF (bacteria formyl peptide) and fMMYALF (mitochondria-derived formyl peptide)28, 
induced superoxide anion generation and elastase release were inhibited by honokiol in human neutrophils in 
dose-dependent manners.

Figure 3.  Honokiol blocks fNLFNYK binding to FPR1 in human neutrophils. Human neutrophils were 
incubated with 0.1% DMSO (as control), honokiol (H; 3, 10, and 30 μM), or fMLF (10 μM) for 10 min 
and then labelled with FPR1-specific fluorescent ligand fNLFNYK (2 nM) for 20 min. (A) Representative 
histograms showing typical fluorescence in the absence or presence of fNLFNYK with honokiol or fMLF. (B) 
Mean fluorescence intensity is shown as the mean ± S.E.M. (n = 4). **P < 0.01; ***P < 0.001 compared with 
fluorescent dye alone.
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Previous studies have shown that honokiol has free radical scavenging activity39, 40. In line with these findings, 
our data showed that ROS formation is more sensitive to inhibition by honokiol than superoxide anion generation 
in fMLF-stimulated human neutrophils. Honokiol has been shown to scavenge superoxide anion in melanoma 
cells40 and to inhibit PMA or fMLF induced ROS production in rat neutrophils15, 41. In this study, honokiol at 
concentration up to 10 μM did not significantly suppress superoxide anion generation in PMA-activated human 
neutrophils and in a cell-free xanthine/xanthine oxidase assay. These conflicting results may be attributed to dif-
ferences in experimental conditions, ROS assays, and animal species.

Figure 4.  Honokiol blocks fNLFNYK binding to FPR1 in FPR1-expressed neutrophil-like cells. (A) Dibutyryl 
cAMP-differentiated THP-1 or (B) hFPR1-transfected HEK-293 cells were incubated with 0.1% DMSO (as 
control), honokiol (H; 3, 10, or 30 μM), or fMLF (10 μM) for 10 min and then labelled with fNLFNYK (2 nM) for 
20 min. (A,B) Representative histograms showing typical fluorescence in the absence or presence of fNLFNYK 
with honokiol or fMLF. (C and D) Mean fluorescence intensities of (A and B) are shown as the mean ± S.E.M. 
(n = 3). *P < 0.05; **P < 0.01; ***P < 0.001 compared with fluorescent dye alone.
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Honokiol showed significant inhibitory effects on FPR1-mediated superoxide anion production, ROS forma-
tion, elastase release, and cell adhesion in human neutrophils, confirming that honokiol has potential to reduce 
the harmful effects of neutrophils. Additionally, higher concentrations of fMLF induced cell responses were con-
siderably suppressed by honokiol, indicating that honokiol binds to FPR1 in a high-affinity manner. This conclu-
sion is supported further by receptor-binding assay showing that FPR1 binding effect of fNLFNYK, even at high 
concentrations, were still inhibited by honokiol.

The intracellular signalling pathways of neutrophil activation are complex. FPR1 is a Gi protein–coupled 
receptor, and its activation can trigger phospholipase C to convert phosphoinositol 4,5-biphosphate to inositol 
1,4,5-triphosphate, and subsequently stimulate the rapid release of intracellular Ca2+ 42, 43. The second messengers, 
ERK, p38 MAPK and JNK, are also known to play significant roles in regulation of various neutrophil immune 
responses after FPR1 activation44–46. FPR1 antagonists exert anti-inflammatory and tissue-protective effects. 
Previous reports showed that FPR1 antagonists attenuate fMLF-stimulated Ca2+ influx and MAPKs phosphoryl-
ation by blocking FPR147–50. In the present study, honokiol showed significant inhibitory effects on Ca2+ influx 
as well as phosphorylation of ERK, p38 MAPK and JNK in fMLF-induced human neutrophils. These results 
demonstrate that honokiol controls neutrophil activations by attenuating the downstream signaling pathways of 
FPR1. In summary, our studies provide evidence that honokiol can act as FPR1 inhibitor that reduces N-formyl 
peptides-induced neutrophil respiratory burst, degranulation, chemotaxis, and adhesion. We therefore suggest 
that honokiol has therapeutic potential as an adjunct for the treatment of FPR1-mediated neutrophilic inflam-
matory diseases.

Methods
Reagents.  Honokiol was isolated from Magnolia cortex according to our previous report51 and dissolved in 
DMSO. Human N-formyl peptide [fMMYALF, the N-terminal sequence of mitochondrial NADH dehydrogenase 
subunit 6 (ND6)] was synthesized by GeneDireX (NV, USA). Hank’s balanced salt solution (HBSS) was obtained 
from GIBCO (Grand Island, NY, USA). CytoTox 96 Non-Radioactive Cytotoxicity assay kits were obtained from 
Promega (Madison, Wisconsin, USA). fNLFNYK, fluo-3/AM, and dihydrorhodamine 123 (DHR 123) were 
purchased from Molecular Probes (Eugene, OR, USA) and 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disul-
fophenyl)-2H-tetrazolium monosodium salt (WST-1) was purchased from Dojindo (Kurnamoto, Japan). The 
antibodies against MAPKs were obtained from Cell Signaling (Beverly, MA, USA). Other pharmacologic agents 
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Figure 5.  Inhibitory effect of honokiol on dose–response curve of fNLFNYK in human neutrophils. Human 
neutrophils were incubated with 0.1% DMSO (as control) or honokiol (H; 10 μM) for 10 min before labelling 
with different concentrations of fNLFNYK (0.25–24 nM) for 20 min. (A) Representative histograms showing 
typical fluorescence of fNLFNYK in the absence or presence of honokiol. (B) Mean fluorescence intensity is 
shown as the mean ± S.E.M. (n = 5). *P < 0.05; **P < 0.01 compared with corresponding data.
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Isolation of human neutrophils.  This study was reviewed and approved by the Institutional Review Board 
of Chang Gung Memorial Hospital, and written informed consent was obtained from each volunteer. The meth-
ods were performed in accordance with the approved guidelines. Blood was collected from healthy volunteers 
(aged 20–32 years). Neutrophils were isolated from peripheral blood according to the standard dextran sedimen-
tation procedure followed by centrifugation in a Ficoll-Hypaque gradient and hypotonic lysis of erythrocytes. The 
purified neutrophils contained approximately 98% viable cells, as determined using trypan blue exclusion, and 
were suspended in calcium-free HBSS at 4 °C before use52.

Preparation of human monocytic leukaemia (THP-1) cells.  The THP-1 human leukaemia monocytic 
cell line was cultured in RPMI 1640 medium supplemented with fetal bovine serum (FBS; Biological Industries, 
Israel), glutamine (2 mM), and antibiotics (100 μg/ml streptomycin, 0.25 μg/ml amphotericin B and 100 U/ml 
penicillin). THP-1 cell differentiation was performed by culturing cells in 300 μM dibutyryl cAMP for 48 h49.

Preparation of brain ECs.  Mice brain microvascular ECs (bEnd.3) were obtained from the Bioresource 
Collection Center (Hsinchu, Taiwan). Cultured cells were maintained in a humidified atmosphere (37 °C, 5% 
CO2) with Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Grand Island, NY) supplemented with 10% FBS 
and antibiotics. ECs were grown to confluence and passaged every 3 days at 1 × 105 cells/ml18.

Expression of FPR1 in human embryonic kidney cells (HEK-293).  HEK-293 cells were maintained 
in DMEM supplemented with 10% FBS, 2 mM glutamine, and antibiotics. HEK-293 were stably transfected with 
the pCMV6-AC vector containing the human FPR1 gene (NM_002029; OriGene, Rockville, MD) using X-treme 
GENE Hp DNA transfection reagent (Roche, Mannheim, Germany). FPR1-expressed HEK-293 were cultured in 
the medium containing G418 (2 mg/ml) for further studies48.

Figure 6.  Honokiol does not alter FPR1 mRNA expression and FPR2 binding effect in human neutrophils. (A) 
Human neutrophils were treated with 0.1% DMSO (as control), honokiol (10 and 30 μM), or fMLF (10 μM) 
at 4 °C for 30 min. Total RNAs were isolated with Trizol reagent and FPR1 mRNA levels were analyzed by 
quantitative PCR. (B) Human neutrophils were incubated with 0.1% DMSO (as control), honokiol (H; 10 μM), 
or WRW4 (1 μM) for 10 min and then labelled with FPR2-specific fluorescent ligand MMK-1F (200 nM) 
for 15 min. Representative histograms showing typical fluorescence in the absence or presence of MMK-1F 
with honokiol or WRW4. (C) Mean fluorescence intensity of (B) is shown. All data are expressed as the 
mean ± S.E.M. (n = 3 or 4). ***P < 0.001 compared with fluorescent dye alone.



www.nature.com/scientificreports/

9SCIeNTIFIC ReportS | 7: 6718 | DOI:10.1038/s41598-017-07131-w

Measurement of superoxide anion generation.  The SOD-inhibitable reduction of ferricytochrome 
c was used to measure superoxide anion release from human neutrophils. Neutrophils (6 × 105 cells/ml) were 
pre-incubated with 0.5 mg/ml ferricytochrome c and 1 mM CaCl2 at 37 °C for 5 min, and then treated with 0.1% 
DMSO (as control) or honokiol (1, 3, or 10 μM) for 5 min before cell activation. Neutrophils were activated with 
fMLF, fMMYALF, or PMA for a further 10 min. When fMLF and fMMYALF were used as activators, cells were 
primed by pre-incubation for 3 min with cytochalasin B (CB, 1 μg/ml). The change in absorbance at 550 nm 

Figure 7.  Honokiol inhibits dose–response effects of fMLF in human neutrophils. Human neutrophils were 
incubated with 0.1% DMSO (as control) or honokiol (H; 10 μM) for 5 min before the addition of different 
concentrations of fMLF in the presence of CB. (A) Superoxide anion production was measured by assessing 
ferricytochrome c reduction. (B) Elastase release was measured spectrophotometrically at 405 nm. (C) 
Representative histograms of rhodamine 123 are shown. (D) Mean fluorescence intensities of (C) are shown. 
All data are expressed as the mean ± S.E.M. (n = 3–5). *P < 0.05; **P < 0.01; ***P < 0.001 compared with 
corresponding control.
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reflected the reduction in ferricytochrome c and was monitored continuously by using a spectrophotometer 
(U-3010; Hitachi, Tokyo, Japan). Superoxide anion production was calculated as described previously52.

Analysis of elastase release.  Elastase release was evaluated as degranulation in activated neutrophils. 
Neutrophils (6 × 105 cells/ml) were pre-incubated with methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide 
(100 μM) at 37 °C and honokiol (1, 3, or 10 μM) was then added for 5 min before treatment with fMLF or fMMY-
ALF for a further 10 min with CB (0.5 μg/ml) priming. The change in absorbance at 405 nm was analysed contin-
uously with a spectrophotometer53.

Measurement of ROS formation.  ROS production was determined from the conversion of 
non-fluorescent DHR 123 to fluorescent rhodamine 123, detected using flow cytometry. Neutrophils (2 × 106 
cells/ml) were incubated with DHR 123 (2 μM) for 15 min at 37 °C, and then treated with honokiol (0.1–10 μM) 
for 5 min before the addition of fMLF/CB (0.5 μg/ml) for a further 5 min. The change in fluorescence was analysed 
using an Accuri C6 flow cytometer (BD Biosciences, CA, USA)49.

Cytotoxicity.  Cytotoxicity was determined using LDH assay kits (Promega, Madison, WI, USA). Neutrophils 
(5 × 106 cells/ml) were treated with 0.1% DMSO (as control) or honokiol (1, 3, and 10 μM) for 15 min at 37 °C. 
Cell-free supernatants were collected and LDH was measured according to the manufacturer’s instructions. Total 
LDH activity was determined following the lysis of neutrophils using 0.1% Triton X-100 at 37 °C49.

Superoxide anion-scavenging assay.  The superoxide anion-scavenging effect of honokiol was measured 
in a cell-free xanthine/xanthine oxidase system. Assay buffer [Tris (pH 7.4), 0.02 U/ml XO, and 0.3 mM WST-1] 
was pre-incubated with 0.1% DMSO (as control), honokiol (1, 3, and 10 μM), or SOD (20 U/ml, as positive con-
trol) for 3 min prior to the addition of 0.1 mM xanthine for another 10 min at 30 °C. The change in absorbance, 
indicating the reduction of WST-1 by superoxide anion, was determined at 450 nm52.

Receptor-binding assay.  fNLFNYK (a fluorescent analogue of fMLF) or MMK-1F (a fluorescent analogue 
of MMK-1) was used for receptor binding assays49. Neutrophils, differentiated THP-1, or FPR1-expressed HEK-
293 were pre-incubated with honokiol, fMLF, or WRW4 for 10 min at 4 °C and then labelled with fNLFNYK for 
20 min or MMK-1F for 15 min. Cells were immediately assayed by flow cytometry.

Neutrophil adhesion.  Hoechst 33342 (1 ng/ml, Invitrogen)-labelled neutrophils were treated with 0.1% 
DMSO or honokiol (10 μM) for 5 min prior to treatment with fMLF (10–300 nM)/CB (1 μg/ml) for another 
15 min. ECs were pre-treated with lipopolysaccharide (2 μg/ml) for 4 h. After washing, labelled neutrophils 
(1 × 105 cells/ml) were incubated with ECs for 15 min. Non-adherent neutrophils were removed by gentle 

Figure 8.  Honokiol inhibits fMLF-induced adhesion of human neutrophils to endothelial cells (ECs). 
Hoechst-labelled neutrophils were incubated with 0.1% DMSO (as control) or honokiol (H; 10 μM) for 5 min 
before activation with different concentrations of fMLF and priming with CB. Activated neutrophils were 
then co-cultured with LPS-pre-activated ECs for 15 min. (A) Adherent neutrophils on ECs were detected 
using microscopy. Bar (bottom), 200 μm. (B) Adherent neutrophils were measured and are shown as the 
mean ± S.E.M. (n = 6). **P < 0.01 compared with control.
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Figure 9.  Honokiol inhibits Ca2+ mobilization and MAPKs phosphorylation in fMLF-activated human 
neutrophils. (A) Fluo-3/AM-labelled human neutrophils were incubated with 0.1% DMSO (as control) or 
honokiol (H; 10 μM) for 5 min. Cells were activated by fMLF and mobilization of Ca2+ was determined in 
real time by using a spectrofluorometer. Representative traces are shown (n = 7). (B) Human neutrophils 
were incubated with 0.1% DMSO (as the control) or honokiol (10 μM) for 5 min before stimulation with or 
without fMLF for another 25 s. Phosphorylation of p38, ERK, and JNK was analyzed by immunoblotting with 
antibodies against the phosphorylated and total form of each protein. All the Western blotting experiments 
were performed under the same condition. After transferred the blots onto nitrocellulose membranes, we 
immediately cropped the targeted blots according to referenced indicating markers, and then targeted proteins 
were immunoblotted with its specific monoclonal antibody. Data are normalized to the corresponding total 
protein level and expressed as mean ± S.E.M. relative to the mean maximal ratio (n = 4). *P < 0.05; **P < 0.01; 
***P < 0.001 compared with corresponding control.
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washing with RPMI. Adherent neutrophils on ECs were counted in six randomly selected areas (0.572 mm2) 
under a motorized inverted microscope (IX81, Olympus, Japan) with a 10 × objective18.

Measurement of [Ca2+]i.  Fluo-3-labelled cells were pre-incubated with honokiol (10 μM) for 5 min and 
then activated using different concentrations of fMLF (10, 30, and 100 nM) at 37 °C. The change in [Ca2+]i fluo-
rescence was measured using a spectrofluorometer (Hitachi F-4500) under continuous stirring with an excitation 
wavelength of 488 nm and emission wavelength of 520 nm53.

RNA extraction, cDNA synthesis and quantitative PCR.  Human neutrophils were treated with 0.1% 
DMSO (as control), honokiol (10 and 30 μM) or fMLF (10 μM) at 4 °C for 30 min. Total RNAs were isolated 
with Trizol reagent (Invitrogen) according to the manufacturer’s protocol. 1 μg RNAs were reverse-transcribed 
into cDNA using iScript™ cDNA Synthesis Kit (Bio-Rad) and sequentially 1/20 of the cDNAs were analyzed 
by quantitative PCR with Fast Start Universal SYBR Green Master (Roche). The PCR primers are: FPR1, sense 
(5′-ACAGTCCAGGAGCAGACAAG-3′) and antisense (5′-CAGCAGATACAGCAGGTGTCC-3′); GAPDH, 
sense (5′-TGCACCACCAACTGCTTAGC-3′) and antisense (5′-GGCATGGACTGTGGTCATGAG-3′).

Immunoblotting.  Human neutrophils were incubated with 0.1% DMSO (as control) or honokiol (10 μM) 
at 37 °C for 5 min, and then activated by fMLF (3, 10, and 30 nM)/CB (1 μg/ml) for another 25 s. Sample buffer 
(62.5 mM pH 6.8 Tris-HCl, 4% sodium dodecyl sulfate (SDS), 5% β-mercaptoethanol, 0.0125% bromophenol 
blue, and 8.75% glycerol) was added to stop the reaction and the mixtures were heated at 100 °C for 15 min. 
The whole-cell lysates were used for immunoblotting assays. Phosphorylation of MAPKs was identified by 
immunoblotting with the corresponding antibody overnight at 4 °C, followed by incubation with horseradish 
peroxidase-conjugated, secondary anti-rabbit antibody (Cell Signaling Technology, Beverly, MA, USA). The 
labeled proteins were detected using enhanced chemiluminescence kits, and analyzed using a densitometer 
(UVP, Upland, CA, USA). The quantitative ratios for all samples were normalized to the corresponding total 
protein48.

fMLF-induced neutrophils recruitment in mouse peritoneal cavity.  All animal experiments 
were performed in accordance with the guidelines of the Animal Welfare Act and The Guide for Care and Use 
of Laboratory Animals from the National Institutes of Health. Experimental protocols were approved by the 
Institutional Animal Care and Use Committee of Chang Gung University.

Male BALB/c mice aged 7–8 weeks were purchased from the BioLASCO (Taipei, Taiwan) and housed in an 
air-conditioned room at 25 °C with a 12 h light and dark cycle. Mice were pretreated by intraperitoneal injection 
of 100 μl honokiol (0.5 mg/kg body weight) or vehicle alone (10% DMSO/normal saline). After 30 min, the mice 
were challenged with intraperitoneal injection of fMLF (2 μg/kg in normal saline). Mice were sacrificed at 2 h 
after fMLF stimulation and the peritoneal cavities were washed with 1 ml of normal saline containing 10 U/ml 
heparin. The harvested peritoneal cells were mixed with the Ly6G (Gr-1) rat anti-mouse, PE conjugated mono-
clonal antibody (eBioscience, CA, USA) for 30 min at 4 °C. The number of Ly6G positive cells were detected by 
flow cytometry54.

Statistical analysis.  Results are presented as means ± S.E.M. Statistical analysis was performed with Sigma 
Plot (Systat Software, San Jose, CA, USA) by using Student’s t-test or one-way ANOVA followed by post hoc test 
for multiple comparisons. A value of P < 0.05 was considered statistically significant.

Figure 10.  Honokiol inhibits neutrophils accumulation in the peritoneal cavity in fMLF-stimulated mice. Male 
BALB/c mice aged 7–8 weeks were pretreated by intraperitoneal injection of honokiol (0.5 mg/kg body weight) 
or vehicle alone (10% DMSO/normal saline) for 30 min, and then challenged with intraperitoneal injection 
of fMLF (2 μg/kg in normal saline) for 2 h. The peritoneal cells were harvested and stained with the Ly6G (Gr-
1) rat anti-mouse, PE conjugated monoclonal antibody for 30 min at 4 °C. The number of Ly6G positive cells 
were detected by flow cytometry. Data are expressed as the mean ± S.E.M. (n = 7 in each group). ***P < 0.001 
compared with fMLF.
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