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Introduction: The ability of honey varieties to both prevent infection and prevent a dysregulated immune reaction to an implanted 
biomaterial provides a strong case for their viability as biomaterial additives. However, the mechanisms, components, and concentra
tion ranges underlying honey’s anti-inflammatory activity remain incompletely understood. The present study sought to screen serial 
concentrations of the common flavonoid and phenolic components: pinobanksin, pinocembrin, chrysin, and methyl syringate to 
determine concentrations best to reduce intracellular reactive oxygen species (ROS) activity and neutrophil extracellular trap (NET) 
release (NETosis) in a differentiated HL60 (dHL60) model.
Methods: HL60s were differentiated into neutrophil-like cells (dHL60s) using a validated protocol, and were cultured with 
concentrations ranging from 1 nM to 1 mM of each flavonoid and from 10 μM to 2 mM of methyl syringate. NETosis and ROS 
were measured via Sytox Orange staining and DCFH-DA assay.
Results: ROS activity was moderately inhibited by chrysin but increased by methyl syringate. Flavonoids failed to reduce NET levels. 
Methyl syringate significantly reduced NETosis in a dose-dependent manner, but increased ROS.
Discussion: The present study provides proof of concept for the honey-derived phenolic compound methyl syringate as a therapeutic 
candidate to reduce neutrophil-mediated inflammation, specifically NETosis, in response to implanted biomaterials. Methyl syringate 
is highlighted because NETosis can profoundly affect the progression of downstream inflammatory responses in neutrophils arriving at 
the site and in other cell types within the microenvironment. Furthermore, it proposes a high-throughput method to screen for potential 
therapeutic compounds prior to primary neutrophil investigations, thereby addressing the current lack of neutrophil-targeted drug 
discovery efforts.
Keywords: biomaterial additives, HL60, host-biomaterial response, NETosis, neutrophil, ROS

Introduction
Host-Biomaterial Response
Neutrophils are the most abundant leukocyte and the primary drivers of the acute phase of inflammation.1 While 
previously thought to be merely short-lived phagocytic effector cells, neutrophils are now recognized to encompass 
a broad range of phenotypes and to perform specialized functions in both inflammation and tissue remodeling.2 Upon 
injury, infection, or biomaterial implantation, neutrophils release pro-inflammatory cytokines and chemokines, attracting 
other immune cells and a surge of additional neutrophils at the implantation site. This pro-inflammatory signaling 
cascade also induces pro-inflammatory phenotypes in neutrophils arriving at the site, thereby further amplifying pro- 
inflammatory signaling and perpetuating a vicious cycle that sustains unresolved acute inflammation.3 A unique and 
specialized cellular process, NETosis, occurs in a subset of neutrophils, in which they extrude their intracellular contents 
and eject NETs composed of histones and intertwined chromatin fibers. Coated with proteins from neutrophil granules, 
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these chromatin fibers isolate and facilitate the degradation of pathogens and foreign bodies. NETosis induces the release 
of enzymes, matrix metalloproteinases, and signals, including damage-associated molecular patterns (DAMPs) with 
degradative and pro-inflammatory qualities.4,5 Free radicals, including ROS, oxidize bacterial membranes and degrade 
foreign materials, and are also potently generated and released by neutrophils.6,7 The NET-forming and ROS-generating 
abilities of neutrophils confer high efficacy in protecting the host against invasive pathogens. However, acceptance and 
integration of an implanted biomaterial can be disrupted when the neutrophil-mediated acute inflammatory response 
becomes dysregulated, leading to NET release that encapsulates the biomaterial surface and, by forming a chromatin- 
nanofiber barrier, impedes host-device integration.8 This disproportionate neutrophil response during biomaterial implan
tation adversely affects the microenvironment at the host tissue-implant interface. It spurs the transition from acute 
inflammation to pathological chronic inflammation. Thus, before biomaterials or therapeutic additives are considered 
fully biocompatible, an evaluation of the acute inflammatory response they elicit is warranted. Unless the research is 
within the niche of neutrophil inflammation, this vital evaluation is often unexplored or overlooked, leading to the 
production of “biocompatible” biomaterials that are unable to perform their intended functions because the acute 
inflammatory phase is improperly resolved.9 The present study aimed first to establish a high-throughput, reproducible, 
and minimally burdensome initial screening procedure for therapeutic agents, and then to screen four promising bioactive 
molecules to determine which are capable of reducing neutrophil-mediated inflammatory behaviors and at what 
therapeutic concentrations.

Honey: Special Types and Recent Research
In recent decades, research into the potential of honey as a wound-healing agent has increased. Several types of honey, 
originating from around the world, have recently been investigated for purported medicinal and wound-healing applications. 
While the many types of honey found to be beneficial are of great note, for brevity, the authors suggest the review paper and 
meta-analysis: “Biological properties and therapeutic activities of honey in wound healing: A narrative review and meta- 
analysis”.10 For example, Manuka honey, derived from the Leptospermum scoparium shrub native to New Zealand, has 
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received special attention. Like other honey types, it contains antioxidant compounds, and its high sugar content confers an 
osmotic potential that can promote wound debridement. However, unlike other types of honey, it contains, at a high 
concentration, a potent antibacterial agent, methylglyoxal, which is effective against certain antibiotic-resistant bacteria. 
Combined, the properties of Manuka honey make it a promising agent for wound healing and infection prevention in the 
wound microenvironment.11 In recent years, Manuka honey has also exhibited anti-inflammatory properties, reducing 
neutrophil-mediated inflammation within a therapeutic window. Notably, the anti-inflammatory activity of Manuka honey 
is retained even when embedded in electrospun biomaterial fibers.12,13 For a comprehensive review of honey as a wound 
healing or biomaterial additive, and the factors that make Manuka honey a promising honey type, the authors suggest 
“Honey-Based Templates in Wound Healing and Tissue Engineering” by Benjamin Minden Birkenmeier et. al.11

Previous studies using HL60 models have shown a dose-dependent decrease in ROS generation, chemotaxis, pro- 
inflammatory cytokine release, and upstream signaling markers in response to co-culture with Manuka honey. 
Additionally, Manuka honey was incorporated into PDO tissue-engineering templates at concentrations of 0.1, 1, or 
10% (v/v). This study found that when incorporated into the PDO template, Manuka honey reduced NET formation by 
up to 75%. However, concentrations of Manuka honey at 10% or higher increased NET formation, likely due to elevated 
glucose levels, which stimulate neutrophils.13,14

In vitro studies using an HL60 cell line neutrophil model demonstrate that Manuka honey downregulates the 
inflammatory NF-κB signaling pathway, chemotaxis, and the release of several key inflammatory cytokines.12,15 

Additional in vitro pilot studies of neutrophils within the therapeutic window have indicated reduced MMP-9 release 
and reduced NETosis in the presence of Manuka honey. Although the pathways through which whole Manuka honey can 
inhibit the pro-inflammatory characteristics of neutrophils remain to be fully elucidated, the presence of flavonoids with 
antioxidant properties provides a clue to these inner workings. These flavonoids include pinobanksin, pinocembrin, 
chrysin, and methyl syringate, which have been found to reduce the activity of pivotal upstream NETosis activators and 
pro-inflammatory signals, myeloperoxidase (MPO) and ROS.16,17 To elucidate how best to use honeys, such as Manuka 
honey (or its isolated active components), for biomaterial applications, it is first necessary to determine which 
components are most responsible for antioxidant and anti-inflammatory activity and at which concentration ranges.

HL60 Cell Line
HL60s are promyelocytic progenitor cells that can be differentiated via coincubation with DMSO to a neutrophil-like 
phenotype, validated to mimic neutrophil ROS production, NET formation (although significantly diminished compared to 
primary neutrophils), and inflammatory cytokine release.5,18–22 Unlike primary neutrophils, dHL60s are an immortalized cell 
line derived from a single leukemia patient and thus do not undergo spontaneous apoptosis during culture, and circumvent 
patient-to-patient variability. However, these cells are not entirely identical in their behavior to primary human neutrophils 
and often exhibit diminished effect sizes and responses, particularly in NET formation. Therefore, dHL60 models were used 
in this study to investigate general trends and to serve as a proof of concept for subsequent primary human neutrophil studies.

Unmet Need in Immunomodulatory Biomaterials and Biomaterial Additives
Rampant neutrophil inflammatory activity and recruitment to a biomaterial implant site shift the host biomaterial 
continuum towards repair and away from regeneration. Instead of replenishing functional tissue, the body isolates the 
foreign material from host tissue with a fibrous capsule.23,24 Recent interest has focused on the design of immunomo
dulatory biomaterials to mitigate foreign body reactions. Yet few studies have focused on modulating the acute phase of 
inflammation to achieve higher device success rates, and even fewer have targeted neutrophil inflammatory behavior.25–28 

An inappropriate neutrophil response to an implant can have deleterious cascading effects, ultimately leading to device 
failure. However, little investigation has thus far focused on therapeutics and additives that can be incorporated into 
biomaterial designs to reduce excessive neutrophil inflammation and enable tissue regeneration.
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Need for Assay Techniques to Quickly Screen Wide Selections of Biomaterial Additive 
Candidates to Determine Promise
A primary reason for the paucity of research on biomaterial additives and bioactive compounds that target neutrophil 
inflammatory behavior is that neutrophils are particularly difficult to work with in vitro. This difficulty is primarily due to 
neutrophilic behaviors. First, they are terminally differentiated and cannot be cultured or expanded in vitro, necessitating 
the isolation of primary neutrophils, typically from peripheral blood.29 Even then, the time window for initiating 
neutrophil isolation after blood draw is very narrow, as phagocytic capacity, bacterial clearance, chemotaxis, and 
oxidative activity are lost before then.30 Additionally, even when using animal blood draws, the costs of animal models 
and the time required to obtain IACUC approval can be prohibitive. IRB approval is required for isolating human blood 
from donors, and substantial donor-to-donor variability in immune activity has been observed.31

Additionally, neutrophil behaviors have been proven to be dependent on a myriad of factors, including blood glucose 
concentrations (even in non-diabetic donors), smoking history, underlying health conditions, medications, alcohol use, 
BMI, and other factors.32–36 Neutrophils are also heavily sensitive to shear stress. They can therefore be challenging to 
use for high-throughput testing, which requires extensive pipetting, as multichannel pipetting is not recommended due to 
shear stress, resulting in slow processing times.37,38

Thus, the goals of this study were two-fold. The first objective was to develop high-throughput methods to assay 
a broad range of concentrations of multiple potential immunomodulatory biomaterial additives. These methods would 
ideally be reproducible, rapid microplate models that mimic neutrophil activation upon biomaterial implantation. This 
would enable screening of compounds and therapeutic ranges for potential effects on neutrophil behavior, thereby 
enabling further, more detailed, and focused mechanistic assays on primary human neutrophils. The second objective was 
to use these high-throughput methods to screen for potential biomaterial additives commonly found in various Honey 
varieties that have been shown to have anti-inflammatory and pro-wound-healing effects. This study hypothesized that, if 
pinobanksin, pinocembrin, chrysin, and methyl syringate were co-cultured with pro-inflammatory-stimulated dHL60 
cells, intracellular ROS and NETosis would be reduced.

Materials and Methods
The following materials and methods describe the sample, cell, and bioactive preparation; the experimental design and 
differentiation process; and the analytical approaches used to evaluate the effects of isolated honey bioactive components 
on dHL60 NET formation and intracellular ROS activity. All experiments were conducted under controlled conditions to 
ensure reproducibility and minimize variability, with appropriate controls included throughout. Detailed descriptions of 
reagents, experimental procedures, and data analysis methods are provided to enable replication of the study and 
facilitate interpretation of the results.

Cell Culture
HL60 cells were purchased from the American Type Culture Collection (ATCC, CCL 240, Manassas, VA, USA) and 
cultured at a cell density of 1×105 to 1×106 using complete cell culture media. Cell culture media consisted of RPMI- 
1640 Medium with 2.05 mM L-Glutamine (Hyclone, Logan, UT, USA) with 10% v/v heat-inactivated fetal bovine serum 
(FBS) (Hyclone), 1% penicillin-streptomycin (Corning, NY, USA). Cells were maintained in T-75 tissue culture flasks 
(Thermo Scientific, Rochester, NY, USA) in a sterile incubator (Fisher Scientific) at 100% humidity, 5% CO2, and 37°C. 
Cells were passaged every four days and resuspended in media to a cell concentration of 1×105. Cells were not allowed 
to exceed 30 passages due to potential genetic drift.

HL60 Differentiation into dHL60s
HL60 cells were differentiated to a neutrophil-like morphology and phenotype by the inclusion of 1.25% dimethyl 
sulfoxide (DMSO) (Fisher Scientific, Hampton, NH, USA) in the culture medium for six days, with replenishment of 
DMSO and cell culture medium on the third day. This HL60 differentiation method has been validated in previous 
studies.12,15,39–41
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Confirmation of dHL60 Differentiation
Differentiation was confirmed by morphological examination via fluorescence microscopy. Cells were transferred to 96- 
well plates (Fisher Scientific), permeabilized with 0.17 mM Triton X-100 (Fisher Scientific) for 5 minutes, and then fixed 
in 10% buffered formalin (Fisher Scientific). Fixed and permeabilized cells were stained with 4′,6-diamidino-2-pheny
lindole (DAPI) (NucBlue Fixed Cell Stain ReadyProbes reagent) (Invitrogen, Carlsbad, CA, USA) for 5 minutes at stock 
concentration. Cells were stained with phalloidin-conjugated Alexa Fluor 488 (ActinGreen 488 ReadyProbes reagent) 
(Invitrogen) for 30 minutes at stock concentration according to the manufacturer’s protocols to co-localize cells with their 
nuclei. Stained cells were resuspended in PBS (Gibco), smeared onto glass slides, and the PBS allowed to evaporate at 
room temperature, protected from light. Slides were then treated with ProLong Gold antifade reagent (Invitrogen) 
overnight at room temperature to homogenize the focal plane and to prevent photobleaching. Imaging of fluorescent 
samples was performed with a Nikon A1 confocal scanning laser fluorescence microscope (Nikon, Tokyo, Japan). 
Differentiated cells (those with neutrophil-characteristic kidney-shaped nuclei) were counted in three randomly selected 
regions on four separate slides, compared with the number of undifferentiated cells, and expressed as a percentage of 
total differentiated cells.

Bioactive Selection
Chrysin (Thermo Scientific, cat. no. 110320050), pinocembrin (Sigma Aldrich product no. P5239), pinobanksin (Sigma 
Aldrich product no. 68530), and methyl syringate (Sigma Aldrich, SKU no. S409448) were obtained in powder form and 
stock solutions dissolved in DMSO (Fisher). Pinobanksin, pinocembrin, and chrysin concentrations in honey are on the 
order of 100–500 nM, and previous findings have determined the therapeutic window of honey, specifically, Manuka 
honey, to be between 0.1–1% v/v, corresponding to 0.1–5 nM of each flavonoid.15,42 To determine if these flavonoids are 
effective even at ranges outside what is found in honey, serial concentrations between 1 nM and 1 mM of each were 
assayed. Reports of methyl syringate concentrations in Manuka honey exhibit substantial variability.43,44 Thus, a wide 
concentration range was selected for this study, from 10 μM to 2 mM.

IntraROS
According to manufacturer instructions, dHL60 cells were dyed with 2′,7′ –dichlorofluorescein diacetate (DCFDA, 
Abcam, product no. ab113851). Cells were then seeded at 100,000 per well, 150 µL total well volume in HBSS (Gibco) 
with 0.2% FBS, and 10 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES, Corning, Corning, NY, 
USA, ref. no. 25–060-CI) with 100 nM Phorbol 12-myristate, 13-acetate (PMA) (Sigma Aldrich, St. Louis, MO, USA) to 
stimulate intracellular ROS activity and the respective flavonoid and methyl syringate concentrations were added (along 
with negative controls of unstimulated cells and positive controls of stimulated cells without flavonoids or methyl 
syringate).45,46 Intracellular ROS activity was quantified via SpectraMax i3 spectrophotometer (Molecular Devices, San 
Jose, CA, USA) at an Ex/Em of 485/535 at 3 and 6 hours. Sample groups were assayed in quadruplicates, and assays 
were run with three biological replicates. The results were expressed as relative ROS activity (percent of positive 
control).

NETosis
dHL60 cells were seeded at 100,000 per well, 150 µL total well volume in HBSS with 0.2% FBS and 10 mM HEPES 
(Corning), with 4 µM Calcium Ionophore A23187 (Sigma Aldrich) to stimulate NETosis. Flavonoid and methyl 
syringate concentrations were added (along with negative controls of unstimulated cells and positive controls of 
stimulated cells without flavonoids or methyl syringate). At 3- and 6-hour timepoints, dHL60s were stained with 
0.25 µM Sytox orange (Invitrogen) and incubated in the dark at room temperature to stain extracellular NET- 
associated DNA. The plates were centrifuged at 1750 rpm for 5 minutes using a Sorvall Legend XTR Centrifuge 
(Rotor ID: 75003624, Thermo Scientific). After centrifugation, 100 µL supernatant was removed to reduce background 
fluorescence. Sample groups were assayed in quadruplicate, and assays were run with three biological replicates. These 
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methods were adapted from and validated in previous studies that employed high-throughput quantitative evaluation of 
NETosis in primary neutrophils.47,48

Cell Viability Assessment
Based on the data collected from NETosis and intracellular ROS assays, cytotoxicity of methyl syringate was assessed at and 
above the concentration range used for NETosis and intracellular ROS. dHL60 cells were seeded at 100,000 per well, 150 µL 
total well volume in HBSS with 0.2% FBS and 10 mM HEPES (Corning), with concentrations of methyl syringate ranging 
from 10 µM to 4 mM. Stimulated controls for both 4µM calcium ionophore and 100 nM PMA, as well as unstimulated 
controls, were included for comparison. Viability was assayed using a CyQUANT™ MTT Cell Viability Assay Kit 
(Invitrogen, Cat. No. V13154). Briefly, cells were treated with 10 µL of 12 mM 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazolium bromide (MTT), and incubated at 37°C, 5% CO2, 100% humidity for 2 hours. After 2 hours of incubation, the plates 
were centrifuged at 1750 rpm for 5 minutes using a Sorvall Legend XTR Centrifuge (Rotor ID: 75003624, Thermo Scientific). 
After centrifugation, 125 µL supernatant was removed, and insoluble formazan was solubilized by the addition of 50 µL 
DMSO into each well. Absorbance was measured at 540 nm using a SpectraMax i3 spectrophotometer (Molecular Devices).

Statistics
All graphing and statistical analyses for NETosis and ROS data were performed using R (Version 4.3.0, R Foundation, 
Indianapolis, IN, USA). All data were pooled, normalized to the mean of the positive control, and expressed as 
a percentage of the positive control. Due to the non-normality of the data determined by the Shapiro–Wilk test, non- 
parametric Wilcoxon rank sum tests were utilized to compare sample groups to the positive control data at an alpha value 
of 0.05. Subsequent statistical analyses and data visualization for cellular viability were performed in GraphPad Prism 
(Version 8.4.3; GraphPad Software, San Diego, CA, USA). Due to the non-normality of the data, as also determined by 
the Shapiro–Wilk test, a non-parametric Kruskal–Wallis test was performed with post-hoc Dunn’s multiple comparisons. 
P-values were adjusted for multiple comparisons and the alpha value was also 0.05.

Results
The following section presents the experimental findings from the analyses described above, focusing on the effects of 
isolated honey-derived bioactive components on neutrophil NETosis and intracellular ROS activity. Results are reported 
in a sequence aligned with the study objectives, with quantitative data summarized and statistically evaluated to support 
interpretation. Figures are referenced as appropriate to illustrate key trends and outcomes.

Confirmation of HL60 Differentiation
Based on the counting of lobed or kidney-shaped nuclei versus round nuclei in a high visual field, the percentage of 
differentiated cells was 68.4%. These results were within the range reported previously.15,49,50 Morphological character
istics of differentiated and undifferentiated cells were consistent with those reported by Wang et al for nuclear 
morphology and actin reorganization under the same differentiation protocol (Figures 1 and 2). Although differentiation 
of 100% of cells was not achieved, corroborating prior investigations indicated that 68.4% was sufficient to proceed with 
NETosis and ROS activity assays. It was also determined that, due to potential replicate-to-replicate variability in total 
differentiation levels, all data would be normalized to the positive control, and negative controls of unstimulated cells 
would be assayed alongside the sample groups to confirm that cells could be stimulated and thus differentiated. 
Following the reported differentiation protocol, statistical analyses of all experimental datasets yielded p-values 
<0.0001 for stimulated versus unstimulated cells, with large effect sizes, indicating that cells were reliably induced to 
exhibit neutrophil-like behaviors.

Chrysin
The data presented by Figure 3 indicate that chrysin fails to reduce dHL60 NET release with a lack of statistically 
significant changes at the three-hour timepoint (Figure 3a) and even demonstrating mild statistically significant (less than 
25% increase in median values) increases in the 5–50 nM range, at 200 nM, and at 400 nM at the six-hour timepoint 
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(Figure 3b). However, an interesting trend was observed when individual experiment replicates were analyzed. Chrysin 
solutions were prepared in sufficient quantities for two experiments and then remade for the third experiment.

In contrast to the NET data, chrysin effectively reduced dHL60 ROS activity. Across a broad therapeutic range 
between 1 nM and 1 µM, chrysin provided statistically significant (except for the 5 nM, 300 nM, and 400 nM data sets) 
reductions in intracellular ROS activity by up to 60% (Figure 3c). At the six-hour time point, chrysin shows some 
promise in its ability to downregulate dHL60 intracellular ROS activity, with mild statistical significance being 
demonstrated throughout the 10–200 nM range. Median values at 10 nM, 100 nM, and 200 nM indicated decreases in 
intracellular ROS activity by nearly 40% (Figure 3d).

Pinocembrin
The data presented in Figure 4a and b indicate that pinocembrin may, in fact, be an agonist for dHL60 NET formation, 
specifically within the 100–300 nM range. Median NET levels increased by 50% in response to incubation with dHL60 
and 200 nM pinocembrin (Figure 4a). Levels of NET activation were more variable in the six-hour data than in the three- 
hour data, with median values increasing relative to the positive control but not reaching statistical significance 
(Figure 4b). Thus, it can be reasonably concluded that pinocembrin is not responsible for the anti-NET-forming effects 
demonstrated by honey varieties such as Manuka honey.

As with the chrysin dataset, pinocembrin yields neutral to agonistic effects on NET formation but strong promise in lowering 
intracellular ROS activity in dHL60. However, in contrast to the chrysin data, this effect is observed only acutely (3 hours after 
PMA stimulation). The three-hour dataset (Figure 4c) shows a wide therapeutic range from 5 nM to 1 μM, with consistent data, 
with strong statistical significance, clustered between 10% and 40% reductions in overall intracellular ROS activity (except for 
400 nM pinocembrin). These effects subsided by the six-hour time point (Figure 4d). They resulted in a substantial increase in 

Figure 1 DAPI and Actin Staining of undifferentiated HL-60 Cells (a–c) and dHL-60 cells (d–f). Images taken at 60X magnification. Scale bar = 20 µM.
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intracellular ROS activity at the highest pinocembrin concentration (10 μM) and a mild yet statistically significant increase at the 
400 nM concentration. Overall, these data suggest a pattern similar to that observed for chrysin: pinocembrin acts as an 
antioxidant but not as a NETosis inhibitor.

Pinobanksin
The data presented by Figure 5a and b indicate that, similar to the other flavonoids selected for this study, this flavonoid 
has a neutral to agonistic effect on dHL60 NET release. At 3 hours post calcium ionophore treatment, pinobanksin 
concentrations show no statistically significant differences relative to cells treated with A23187 alone (positive control) 
(Figure 5a). At six hours post calcium ionophore stimulus, pinobanksin treatment consistently results in higher levels of 
NETosis across the range of 5 nM to 800 nM (Figure 5b). This dataset likely rules out pinobanksin as a potential anti- 
NET-forming biomaterial additive.

While the data for calcium ionophore stimulated dHL60 NET formation indicates that pinobanksin is not promising 
as a biomaterial additive, the ROS-inhibiting behavior of pinobanksin shown in Figure 5c and d contradict this 
conclusion. Rather, in concentrations ranging from 10 nM to 1 µM showed consistent, substantial reductions in 
dHL60 intracellular ROS activity in the three-hour data set (Figure 5c). These ROS activity reductions lasted till the six- 
hour data set in the 50 nM, 200 nM, 500 nM, and 700–1000 nM concentrations of pinobanksin (Figure 5d). The 
concentration of pinobanksin that showed the most consistent and significant effect on ROS activity was 1 μM, which 
remained below 60% of the positive-control level in both the three-hour and six-hour data sets.

Figure 2 DMSO-treated HL-60 differentiation. (a and b) Confocal images of intact (a) and DMSO-differentiated (b) HL-60 cells. (c and d) Mac-1 expression on intact (c) 
and DMSO-differentiated (d) HL-60 cells. Adapted from Wang, Chengzhi & Li, Ning & Zhang, Chen & Sun, Shujin & Gao, Yuxin & Long, Mian. (2015). Effects of Simulated 
Microgravity on Functions of Neutrophil-like HL-60 Cells. Microgravity Science and Technology. 27. 10.1007/s12217-015-9473-6.51
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Methyl Syringate
The data presented in Figure 6a and b demonstrate a high magnitude of NET inhibition from Calcium Ionophore 
A23187-stimulated dHL60s treated with methyl syringate lasting until the six-hour timepoint. The data in both datasets 
showed high within-well consistency and between-biological-replicate consistency. At 3 hours post-stimulus, a therapeu
tic range of 600 µM to 2 mM methyl syringate reduced dHL60 NET release by more than 50%, except for the 800 µM 
dataset, which did not reach statistical significance (Figure 6a). This trend persisted through the six-hour time point, with 
similar reductions in NET formation observed at the same concentrations as in the three-hour data. The data from the six- 
hour time point indicate that the substantial, tightly controlled reduction in dHL60 NET formation in response to calcium 
ionophore treatment is well conserved over time (Figure 6b). In contrast to all previously reported trends in this study, 
methyl syringate potently inhibits NET release from stimulated dHL60s. The findings suggest that among the prevalent 
compounds in honey selected for this study, methyl syringate is the only one that reliably reduces NETosis, implying that 
this phenolic component is responsible for previously reported anti-inflammatory and pro-wound-healing effects of 
various honey types.

Although the methyl syringate NETosis data showed potent inhibitory effects, the three-hour and six-hour intracel
lular ROS data showed a pronounced increase in intracellular ROS activity. When stimulated with PMA, methyl 
syringate exacerbated ROS accumulation in the cytoplasm of dHL60s, resulting in levels up to threefold higher than 
those observed with PMA alone. In the three-hour data, the lowest dose of methyl syringate did not affect ROS activity, 
whereas at higher concentrations a strong agonistic effect was observed (Figure 6c). In the six-hour data, however, all 
doses of methyl syringate, even 10 µM, increased intracellular ROS activity (Figure 6d). These trends were consistent 
throughout all biological repeats of the assays. ROS activity appears to peak at the 1.2 mM concentration of methyl 
syringate, resulting in an above 310% increase in cytoplasmic ROS activity.

Figure 3 (a) Chrysin NET levels at three hours post-Calcium Ionophore A23187 stimulus. (b) Chrysin NET levels at six hours post-Calcium Ionophore A23187 stimulus. 
(c) Chrysin ROS activity levels at three hours post-PMA stimulus. (d) Chrysin ROS activity levels at six hours post-PMA stimulus. Mean positive control value (100%) is 
indicated by a red line. Single asterisk indicates p<0.05. Double asterisk indicates p<0.01. Quadruple asterisk indicates p<0.0001.
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Cellular Viability
The data from the MTT assay demonstrates that even at twice the upper range of methyl syringate concentrations 
assayed, there is no observed cytotoxicity after 6 hour incubation with methyl syringate when compared to A23187 or 
PMA alone. The only statistical significance was found between 100 µM and 4 mM methyl syringate groups (p=0.2) 
(Figure 7). Statistical analysis found most p-values to be greater than 0.9 between groups, indicating a high confidence 
level that there is no distinguishable difference between groups.

Discussion
Despite ROS activity being an essential precursor to NET release, methyl syringate increased ROS without 
a corresponding increase in NETosis.5 In fact, the opposite effect was observed, where an increase in intracellular 
ROS corresponded to an inverse effect on NET release. This phenomenon suggests that inhibition of NETosis by methyl 
syringate occurs either downstream of, or independently of, intracellular ROS accumulation. This theory is consistent 
with the potent inhibitory effect of methyl syringate on MPO. MPO is an enzyme that drives neutrophil inflammatory 
behavior, specifically NETosis.52 What is surprising, however, is that this MPO inhibition did not also reduce intracel
lular ROS levels. Perhaps inhibition or deactivation of downstream effects leads to the accumulation of intracellular 
ROS. Further mechanistic and signaling studies are required to elucidate the interplay between ROS and NETosis upon 
treatment with methyl syringate and to explain it with certainty and in detail.

This work has been further validated by subsequent primary neutrophil studies from this lab, which, while showing an 
inverse effect on ROS activity, corroborate the high effect size in NET inhibition by methyl syringate. Interestingly, 
investigations based on the results of this study found no increase in intracellular ROS activity in response to methyl 
syringate in primary human neutrophils, but rather a significant inhibition. Additionally, methyl syringate was more 
effective than whole Manuka honey at reducing ROS but was somewhat less effective at reducing NETosis. Although no 
spike in ROS was observed at methyl syringate concentrations in primary neutrophils, a trend similar to the methyl 

Figure 4 (a) Pinocembrin NET levels at three hours post-Calcium Ionophore A23187 stimulus. (b) Pinocembrin NET levels at six hours post-Calcium Ionophore A23187 
stimulus. (c) Pinocembrin ROS activity levels at three hours post-PMA stimulus. (d) Pinocembrin ROS activity levels at six hours post-PMA stimulus. Mean positive control 
value (100%) is indicated by a red line. Single asterisk indicates p<0.05. Double asterisk indicates p<0.01. Triple asterisk indicates p<0.001. Quadruple asterisk indicates 
p<0.0001.
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Figure 5 (a) Pinobanksin NET levels at three hours post-Calcium Ionophore A23187 stimulus. (b) Pinobanksin NET levels at six hours post-Calcium Ionophore A23187 
stimulus. (c) Pinobanksin ROS activity levels at six hours post-PMA stimulus. (d) Pinobanksin ROS activity levels at six hours post-PMA stimulus. Mean positive control value 
(100%) is indicated by a red line. Single asterisk indicates p<0.05. Single asterisk indicates p<0.05. Double asterisk indicates p<0.01. Triple asterisk indicates p<0.001. 
Quadruple asterisk indicates p<0.0001.

Figure 6 (a) Methyl Syringate NET levels at three hours post-Calcium Ionophore A23187 stimulus. (b) Methyl Syringate NET levels at six hours post-Calcium Ionophore 
A23187 stimulus. (c) Methyl Syringate ROS activity levels at three hours post-PMA stimulus. (d) Methyl Syringate ROS activity levels at three hours post-PMA stimulus. Mean 
positive control value (100%) is indicated by a red line. Single asterisk indicates p<0.05. Double asterisk indicates p<0.01. Triple asterisk indicates p<0.001. Quadruple 
asterisk indicates p<0.0001.

Journal of Inflammation Research 2026:19                                                                                          https://doi.org/10.2147/JIR.S564685                                                                                                                                                                                                                                                                                                                                                                                                      11

Main et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



syringate ROS data presented in this study was observed when a combination of chrysin, pinocembrin, pinobanksin, and 
methyl syringate was co-cultured with neutrophils. These findings prompted the use of the CyQUANT MTT Cell 
Viability Assay (Invitrogen) on the combination of flavonoid and methyl syringate concentrations in differentiated 
HL60s. The findings suggested a mild reduction in viability (~20%) at the highest combined concentration of all 
flavonoids and methyl syringate. These reductions in viability, however, do not scale proportionally with the reductions 
in NETosis observed in both the present study and subsequent primary neutrophil studies.53 Additionally, the methods 
used for detecting intracellular ROS are viability-dependent, and a loss of cell viability would reduce total fluorescence. 
NET-associated extracellular DNA is also defined by pronounced chromatin decondensation and its diffusion beyond the 
cellular boundary. It is detected by Sytox Orange staining in the absence of fixation and permeabilization. In contrast, 
necrosis is identified by the presence of intact yet condensed nuclei. In contrast, apoptosis is characterized by preserved 
cellular membrane integrity, which precludes Sytox dye entry and limits nucleic acid staining. These staining patterns 
provide a reliable basis for distinguishing an observed reduction in NET formation from necrotic and apoptotic cell 
death.48 This previous data was corroborated in the present study, with no cytotoxicity observed even at twice the levels 
assayed for NETosis and ROS. Therefore, although methyl syringate increased intracellular ROS levels, cellular viability 
was maintained even at the six-hour time point. The present study validates these findings, employing a high-throughput, 
high-reproducibility screening method to mitigate donor-to-donor variability, sourcing difficulties, and the labor-intensive 
methods required for primary neutrophil work. The validated methods in this study enable researchers to reliably and 
effectively screen for neutrophil-targeted therapeutics, facilitating further testing of acute immune responses to bioactive 
compounds. Thus, by removing the obstacles that neutrophil investigations entail, more research will be encouraged to 
target acute-phase inflammation without the risk of heavy time and resource investment for no return.

The increase in intracellular ROS activity is consistent with previous studies showing increased ROS generation and 
the presence of H2O2 in the extracellular medium in response to whole Manuka honey.54,55 Notably, even as intracellular 
ROS activity increased, antioxidant activity and cytoprotection against oxidative stress were maintained. Previous 
publications report promising data indicating that Manuka honey protects mitochondrial function, activates the 
AMPK/Nrf2/ARE signaling pathway, and induces the expression of antioxidant enzymes, such as superoxide dismutase 
(SOD) and catalase (CAT), in fibroblasts.16 Perhaps the protection that specific honey types afford from oxidative stress 
does not occur intracellularly or does not occur in a way that corresponds to a decrease in intracellular ROS activity. It is 
possible that these two events can coincide: ROS activity is indeed increased within the cell, but honey also induces an 
extracellular or cytoprotective factor. Intracellular ROS activity is only one of myriad mechanisms for assessing 

Figure 7 Cellular viability as measured by MTT assay at six hours. Mean absorbance of control cells is indicated as a green line. Single asterisk indicates p<0.05.
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oxidative protection, and honey may protect cells in other ways. Further study of this matter should include assays of 
extracellular ROS scavenging and lipid peroxidation. Now that a substantial effect has been observed, specifically that in 
differentiated and stimulated HL60s, methyl syringate induces intracellular ROS build-up, but lowers NET release, 
further mechanistic studies involving primary neutrophils can be performed. Neutrophil signaling is complex, context- 
dependent, and not yet fully understood; consequently, broad-ranging, comprehensive investigative techniques are also 
limited. Therefore, having a starting point, such as a potential step or series of steps, within a signaling cascade is critical. 
The findings of this investigation, notably the discrepancy between increased ROS activity and decreased NET release, 
provide an opportunity to investigate the signaling events linking superoxide generation by NADPH oxidase to NET 
formation and subsequent release.

While this study provides proof of concept for further research into honey as a biomaterial additive and a therapeutic 
agent to reduce neutrophil-mediated inflammation, it has significant limitations. The first and perhaps most prominent 
limitation is the fact that HL60 cells are not primary human neutrophils. While HL60 Cells are a valuable model for 
mimicking the physiological responses of primary human neutrophils, there is no one-for-one correspondence. HL60s 
were chosen for this exploratory pilot study to determine if the selected bioactive molecules held further promise in terms 
of modulating neutrophil inflammatory responses, and, if so, at what concentration ranges, as the range that these 
compounds exist in honey is widely variable, even in honeys currently in use as wound healing therapeutics. The 
rationale for using an HL60 model is the inability to culture and expand neutrophils in vitro; the need to obtain human 
blood from a moderate to large number of donors; the associated institutional review board approvals; and the high 
donor-to-donor variability of neutrophils, which necessitates a large donor pool. Thus, it is reasonable to use promising 
preliminary data as justification before proceeding with primary human neutrophil studies. A second limitation of the 
current study is that it demonstrates that methyl syringate reduces NETosis but does not explain how or why this occurs. 
Now that a substantial effect has been observed with methyl syringate, and other compounds that did not show as strong 
a benefit have been eliminated, more in-depth, narrowly focused investigations may be conducted. The mechanisms by 
which methyl syringate reduces NET formation must now be elucidated. Future mechanistic studies should be conducted 
involving primary human neutrophils to investigate likely pathways that could be interrupted by methyl syringate, 
including NADPH oxidase (NOX) inhibition, Peptidyl Arginine Deiminase 4 (PAD4) inhibition, which are essential 
components in the ROS-NETosis pathway, as well as NF-κB phosphorylation, which is an essential upstream signaling 
event for neutrophil inflammatory activation.56,57 Additionally, an interesting trend was observed when individual 
experiment replicates were analyzed. For example, chrysin solutions were prepared in sufficient quantities for two 
experiments and then remade for the third experiment. While experiment two did not meet our exclusion criteria to 
discard a biological replicate (p-value of greater than 0.001 between positive and negative controls, indicating either 
a failure to induce an inflammatory response or some form of contamination causing negative control wells to become 
stimulated), the data does suggest that a loss of efficacy may be the result of storage in aqueous solutions for longer than 
two days (Supplementary Figure 1). These trends were notable, as no changes were made with regard to cell culture 
conditions, treatment times, and cell and passage numbers, indicating that the reduced effect likely resulted from chrysin 
itself. However, these trends were outside the current scope of the study and emphasize the need for in-depth 
investigations into the chemical stability of these compounds outside the honey milieu.

Another essential obstacle in translating honey-derived therapeutics to clinical applications is the presence of 
confounding physicochemical properties inherent to whole honey, emphasizing the necessity of first evaluating isolated 
bioactive components. Honey exhibits high osmolarity and low pH, both of which are well-established contributors to the 
antibacterial activity of many honey types. These factors can independently modulate neutrophil behavior, specifically, 
thereby complicating attribution of observed anti-inflammatory effects to specific molecular constituents. Consequently, 
assessment of isolated compounds, such as methyl syringate, is critical for delineating direct immunomodulatory activity 
from secondary effects driven by nonspecific environmental changes. The pH of the local microenvironment is a central 
regulator of neutrophil activation and inflammatory outcomes. Most honey exhibits a moderately acidic pH (3.5–4.5), 
a condition that enhances neutrophil antimicrobial function and promotes cytokine and chemokine production, potentially 
amplifying both the magnitude and duration of inflammation. However, despite inducing localized acidification, previous 
findings demonstrate that whole Manuka honey treatment resulted in limited cytokine and chemokine release. This 
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dissociation suggests that phenolic and antioxidant constituents exert dominant anti-inflammatory effects that may 
counterbalance pH-driven neutrophil activation. Nonetheless, without isolating individual components, the relative 
contributions of molecular bioactivity versus physicochemical conditions cannot be definitively resolved. In addition 
to pH, neutrophil function is susceptible to osmotic stress within the inflammatory microenvironment. Elevated 
osmolarity can initiate intracellular signaling pathways, including altered calcium flux and downstream activation 
cascades, that promote the release of pro-inflammatory mediators and influence chemotactic responsiveness. Because 
whole honey simultaneously alters osmotic conditions and delivers multiple bioactive molecules, isolating individual 
components is essential to disentangle these overlapping stimuli. These findings support a stepwise experimental strategy 
in which isolated honey constituents are first evaluated under controlled conditions to establish causal mechanisms, 
followed by reintegration into whole-honey or biomaterial-based systems. Such an approach is critical for the rational 
design, optimization, and translational application of honey-derived immunomodulatory therapies. By determining which 
components contribute to the dual-purpose (antibacterial and anti-inflammatory properties) that many honey strains have 
demonstrated, the first step in this experimental strategy can be resolved.57–61

The findings of this study elucidate the components of honey that inhibit neutrophil-mediated inflammation. Methyl 
syringate emerges as a strong candidate for reducing NETosis observed in previous Manuka honey studies in both dHL60 
models and primary human neutrophil studies.13,15,28 Methyl syringate could thus be used as an anti-NET drug to 
mitigate the adverse downstream effects of NETosis or as an additive to Manuka honey to enhance its anti-inflammatory 
properties. These capacities can be further extended into the field of biomaterials, allowing implants to pass through the 
acute phase of inflammation without extensive NET build-up and the resultant pro-inflammatory signaling and enzymatic 
degradation. Honey, specifically Manuka honey, has already shown potential as a biomaterial additive; adding methyl 
syringate could further enhance its efficacy in reducing NETosis, thereby enabling the development of biomaterial 
implants that effectively target acute-phase inflammation and improve device outcomes.

Conclusion
In summary, methyl syringate was the most effective honey component tested in this study. The increase in intracellular 
ROS activity in response to methyl syringate concentrations was surprising; however, the scientific literature corroborates 
that this phenomenon can coexist with cytoprotection and anti-inflammatory wound resolution. The present study 
demonstrates that isolated Manuka honey-derived components modulate dHL60 inflammatory responses to varying 
degrees of efficacy, with methyl syringate emerging as a particularly potent regulator of NET formation. These findings 
advance the understanding of how specific phenolic constituents contribute to the immunomodulatory properties 
traditionally attributed to whole honey. By establishing a foundation for component-level evaluation, this work supports 
a stepwise approach to developing honey-derived anti-inflammatory strategies. Thus, future studies incorporating 
primary human neutrophils, especially in mechanistic and signaling studies, complex co-culture systems, and biomaterial 
interfaces, will be essential to translate these insights into clinically relevant applications. Additionally, these validated, 
high-throughput assays enable screening of neutrophil-targeting therapeutics and biomaterial additives, thereby facilitat
ing more accessible, reproducible, and efficient research in this vital area of reducing dysregulated innate immune 
responses to biomaterials, implants, and infections.
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