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Abstract 

Background Periodontitis and peri-implantitis are driven by dysregulated host immune 

responses to periodontal pathogens. Minocycline hydrochloride (MH), widely used in 

periodontal therapy, has been reported to reversibly inhibit peptidylarginine deiminase 

4 (PAD4), a key enzyme in neutrophil extracellular trap (NET) formation. Whether MH 

suppresses NETs in a cellular context and its downstream biological consequences 

remain unknown. This study investigated whether MH reduces NETs formation via 

PAD4 inhibition in vitro and evaluated its anti-inflammatory and antibacterial effects. 

Methods HL-60 cells were differentiated into neutrophil-like cells (dHL-60) using all-

trans retinoic acid or N,N-dimethylformamide, confirmed by flow cytometry. NETs 

formation was induced by phorbol 12-myristate 13-acetate and verified by 

immunofluorescence co-localization of neutrophil elastase and DNA. MH cytotoxicity 

was assessed by CCK-8. PAD4 inhibition was quantified by measuring citrullinated 

histone H3 via ELISA, with calcium ionophore as a PAD4 agonist control; NETs 

suppression was validated by MPO-DNA complex quantification. Anti-inflammatory 

effects were assessed by measuring IL-1β, IL-6, IL-17, and TNF-α. Antibacterial 

capacity was evaluated by co-culture with Porphyromonas gingivalis, Fusobacterium 

nucleatum, and Prevotella intermedia, followed by colony-forming unit counting and 

two-way ANOVA. 
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Results Over 90% of HL-60 cells were successfully differentiated. MH at 600 μg/mL 

significantly reduced citrullinated histone H3 and MPO-DNA complex levels (both p < 

0.05); these effects were partially or fully reversed by calcium ionophore, confirming 

PAD4-dependent NETs suppression. Immunofluorescence demonstrated markedly 

reduced extracellular NETs at this concentration. MH significantly decreased IL-1β, IL-

6, IL-17, and TNF-α secretion (all p < 0.0005); reductions in IL-6 and TNF-α were 

partially NETs-dependent, while IL-1β and IL-17 reductions appeared NETs-

independent. MH also significantly enhanced neutrophil-like cell antibacterial efficacy 

against all three periodontopathogens, with a significant interaction between MH and 

neutrophil-like cells confirmed by two-way ANOVA (all p < 0.0001). 

Conclusions This study provides the first cellular evidence that MH suppresses NETs 

formation through PAD4 inhibition, attenuates pro-inflammatory cytokine secretion, 

and enhances antibacterial capacity against key periodontopathogens. These findings 

suggest MH may function as a dual-action immunomodulatory antibiotic with 

optimized therapeutic potential for periodontitis and peri-implantitis. 

KEY WORDS neutrophil extracellular traps, minocycline hydrochloride, PAD4 

inhibitor, anti-inflammatory, antibacterial 
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Background 

Periodontitis is one of the most prevalent oral diseases worldwide[1]. Peri-

implantitis, a similar inflammatory condition affecting dental implants, has become an 

increasingly common complication as implant-supported restorations grow in 

popularity[2, 3]. Both conditions arise from the interplay between microbial challenge 

by dental plaque and the susceptibility of the host immune response[4]. An ideal 

therapeutic agent for these conditions should combine direct antibacterial activity to 

eliminate the primary etiological factors with anti-inflammatory properties to limit 

collateral tissue damage caused by excessive host immune responses. 

Minocycline hydrochloride (MH), a second-generation tetracycline antibiotic, is 

widely used in the clinical management of periodontitis and peri-implantitis. It 

demonstrates broad-spectrum inhibitory activity against major periodontal pathogens, 

including Porphyromonas gingivalis (Pg), Fusobacterium nucleatum (Fn), 

Aggregatibacter actinomycetemcomitans (Aa), and spirochetes[5-8]. Its high 

lipophilicity[9] and carrier-mediated transmembrane transport[10] facilitate 

intracellular accumulation, where it exerts direct antibacterial effects by binding to the 

bacterial 30S ribosomal subunit and inhibiting protein synthesis[11]. MH enters 

neutrophils via a sodium-dependent mechanism and accumulates intracellularly at 

concentrations up to 64-fold higher than extracellular levels at low doses[10]. Its local 

sustained-release formulation for subgingival delivery has been clinically validated to 

improve periodontal treatment outcomes[12-15]. 

Beyond direct antibacterial activity, certain antibiotics can modulate immune cell 

function to exert indirect antibacterial effects. For example, the macrolide azithromycin 

accumulates within immune cells and enhances neutrophil antibacterial capacity[16-

18]; the fluoroquinolones pefloxacin, norfloxacin, and enoxacin augment neutrophil 

phagocytosis[19]; the β-lactam cefodizime enhances phagocytosis by neutrophils and 

monocytes[20]; rifampicin, despite inhibiting neutrophil chemotaxis, increases 

intracellular killing of Staphylococcus aureus[20]; and the glycopeptide dalbavancin 
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has been reported to impair neutrophil bactericidal activity[21]. To date, no such 

immunomodulatory antibacterial mechanism has been reported for MH. 

MH also possesses intrinsic anti-inflammatory properties, though these have 

received comparatively less attention than its antibacterial effects. MH has been shown 

to suppress the expression of extracellular matrix metalloproteinase inducer 

(EMMPRIN) and matrix metalloproteinase-9 (MMP-9)[22, 23], inhibit collagenase 

activity[24], reduce IL-1β production at the transcriptional level[22, 25], and 

downregulate inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), 

thereby decreasing nitric oxide and prostaglandin E₂ production[25, 26]. Liu et al. 

demonstrated that MH loaded into nanoliposomes suppressed TNF-α production in 

lipopolysaccharide-stimulated macrophages in vitro[27]. Notably, Knuckley et al. 

identified MH as a potent reversible mixed-type inhibitor of peptidylarginine deiminase 

4 (PAD4)[28], opening a new avenue for investigating its anti-inflammatory 

mechanisms. 

PAD4 is a calcium-dependent post-translational modification enzyme located in 

the nucleus of human cells[29] and plays a pivotal role in the formation of neutrophil 

extracellular traps (NETs)[30]. Upon inflammatory stimulation, activated PAD4 

citrullinates arginine residues in histones H3, H2A, and H4, triggering chromatin 

decondensation and extracellular release of a web-like structure composed of a 

chromatin scaffold decorated with antimicrobial components including citrullinated 

histone H3 (cit H3), myeloperoxidase (MPO), neutrophil elastase (NE), and cathepsin 

G — collectively termed NETs[31, 32]. Key NETs components, including cit H3[33], 

MPO[34-36], and cathepsin G[37, 38], have been associated with periodontitis and 

peri-implantitis[39]; NE in particular has been shown to exacerbate periodontal 

inflammation[40, 41]. NETs release is also accompanied by the extracellular secretion 

of multiple pro-inflammatory cytokines, including IL-1α/β, IL-4, IL-5, and IL-17[42, 

43]. NETs are therefore often described as a "double-edged sword": while capable of 

trapping and neutralizing pathogens[44, 45], they simultaneously amplify downstream 
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immune responses and promote disease progression[43, 46]. As an ancient component 

of innate immunity, the bactericidal efficacy of NETs is relatively limited — many 

periodontal bacteria have evolved countermeasures[47-49] — and NETs in most 

inflammatory conditions are primarily pro-inflammatory rather than antimicrobial[50-

56]. 

PAD4 inhibitors generally attenuate inflammation by suppressing NETs 

formation[57, 58], but may concurrently impair certain neutrophil antibacterial 

functions. MH, which combines potent PAD4 inhibitory activity[28] with intrinsic 

antibacterial properties, therefore represents a particularly promising candidate for 

infectious inflammatory conditions such as periodontitis and peri-implantitis. However, 

no study has yet demonstrated that MH can suppress NETs formation in a cellular model 

or characterized the downstream biological consequences of such suppression. This 

study therefore aimed to investigate whether MH, acting as a PAD4 inhibitor, can 

reduce NETs production in neutrophil-like cells, attenuate NETs-associated 

inflammatory cytokine secretion, and preserve or enhance neutrophil antibacterial 

capacity against key periodontopathogens. 

Materials and methods 

1. HL-60 cell culture, differentiation, and NETs induction 

HL-60 cells (Procell, CL-0110) were maintained at 37°C in 5% CO₂ in Iscove's 

Modified Dulbecco's Medium (IMDM; Procell, GPM150510) supplemented with 20% 

fetal bovine serum (FBS; Servicebio, G8003) and 1% penicillin-streptomycin (P-S; 

NCM Biotech, C100C5). Differentiation into neutrophil-like cells (dHL-60) was 

induced by culturing HL-60 cells in complete medium containing either 1 μmol/L all-

trans retinoic acid (ATRA; Beyotime, ST1627) or 70 mmol/L N,N-dimethylformamide 

(DMF; Abmole, M31181) for 5 days with medium renewal every other day. 

Differentiation efficiency was assessed by flow cytometry measuring surface 

expression of CD11b and CD14. A CD11b positivity rate exceeding 80% was 
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considered indicative of successful differentiation. Two groups were defined: Blank 

(undifferentiated HL-60), dHL-60(ATRA/DMF induced HL-60). 

For NETs induction, dHL-60 cells were adjusted to a density of 10⁶–10⁷ cells/mL 

and stimulated with 250 ng/mL phorbol 12-myristate 13-acetate (PMA; MCE, HY-

18739) for 4 hours. 

2. CCK-8 cytotoxicity assay 

Complete medium containing MH at concentrations of 100, 200, 400, 600, 800, 

and 1000 μg/mL was prepared. dHL-60 cells were resuspended in medium at each 

corresponding concentration and incubated for 3 hours, with MH-containing medium 

without cells serving as blank controls. CCK-8 reagent (Procell, P-CA-001) was then 

added and cells were incubated at 37°C for 1 hour, followed by absorbance 

measurement at 450 nm (OD450). Groups were named by MH concentration (e.g., 0, 

100, 200). 

3. ELISA quantification of cit H3 to determine effective PAD4-

inhibitory concentration 

dHL-60 cells were resuspended in medium containing MH at each concentration 

described above and stimulated with 250 ng/mL PMA for 4 hours. Cells were lysed by 

sonication and centrifuged at 1500 × g for 10 minutes; supernatants were collected and 

diluted 2-fold prior to quantification of citrullinated histone H3 (cit H3) using a 

commercially available ELISA kit (Enzyme-linked Biotechnology, ml105339) to 

establish the effective PAD4-inhibitory concentration of MH. 

Groups were defined as follows: the 0 group consisted of dHL-60 cells treated 

with MH-free medium and stimulated with PMA; drug groups consisted of dHL-60 

cells treated with MH-containing medium and stimulated with PMA, named by MH 

concentration. 

To further validate the effective concentration, calcium ionophore A-23187 (CI; 

MCE, HY-N6687) at 4 μmol/L was added to the effective concentration group as a 



 

7 

PAD4 agonist control. The 0 group, effective concentration group, and CI group were 

all stimulated for 4 hours, and cit H3 was quantified as described above. 

4. ELISA quantification of MPO-DNA complexes to validate NETs 

suppression 

dHL-60 cells were resuspended in MH-containing medium at each concentration 

and stimulated with 250 ng/mL PMA for 4 hours. Cell supernatants were collected by 

centrifugation at 1000 × g for 20 minutes, diluted 1000-fold, and quantified for MPO-

DNA complexes — a validated NETs marker — using an ELISA kit (JONLBIO, 

JL47452). Grouping and subsequent procedures were identical to those described for 

the cit H3 assay. 

5. Immunofluorescence visualization of NETs 

HL-60 cell suspensions or dHL-60 cell suspensions were divided into equal 

aliquots and resuspended in either MH-free or MH-containing (effective concentration) 

complete medium at approximately 5 × 10⁵ cells/mL. Cells were seeded onto 14 mm 

poly-D-lysine-coated coverslips (LABSELECT, 18122) and stimulated with 250 ng/mL 

PMA for 4 hours. 

Following fixation and blocking, cells were incubated overnight at 4°C in the dark 

with a 1:150 dilution of recombinant CoraLite® Plus 488-conjugated rabbit anti-human 

NE antibody (Proteintech, CL488-27642). Coverslips were mounted using an anti-fade 

mounting medium containing DAPI (Beyotime, P0131). Cells were gently washed 

three times with PBS at 4°C between each step. Fluorescence was observed using a 10× 

eyepiece and 40× objective under light-protected conditions, with excitation 

wavelengths selected according to manufacturer specifications. 

Three groups were defined: Blank (HL-60 + PMA), NETs group (dHL-60 + PMA), 

and Mino group (dHL-60 + PMA + MH at effective concentration). 

6. ELISA quantification of cytokine secretion 

dHL-60 cells were resuspended in medium containing MH at the effective 
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concentration and stimulated with 250 ng/mL PMA, with or without 4 μmol/L CI, for 

4 hours. Cell supernatants were collected by centrifugation at 1500 × g at 4°C. 

Extracellular concentrations of IL-1β, IL-6, TNF-α (Arigo, ARG82862), and IL-17 

(Multi Sciences, EK1177) were quantified by ELISA. 

Groups were defined as: NETs group (dHL-60 + MH-free medium + PMA), Mino 

group (dHL-60 + MH at effective concentration + PMA), and CI group (dHL-60 + MH 

at effective concentration + PMA + CI). 

7. Bacterial culture and CFU-OD600 standard curve generation 

Porphyromonas gingivalis (Pg), Fusobacterium nucleatum (Fn), and Prevotella 

intermedia (Pi) (kindly provided by the laboratory of Prof. Dongqing Wang) were 

maintained on tryptic soy blood agar (TSBA) and subcultured into brain heart infusion 

(BHI) broth two days prior to each experiment. 

Bacterial suspensions were collected, washed with phosphate-buffered saline 

(PBS), and resuspended in PBS. The OD600 of the original suspension was measured 

using a spectrophotometer (ALLSHENG, Nano-300), and the suspension was diluted 

with PBS to OD600≈0.8, followed by serial dilutions to obtain four additional OD600 

values. Each of the five suspensions was then serially diluted, and 10 μL aliquots were 

spotted in triplicate onto agar plates. Plates were left open until droplets had dried, then 

incubated under fully anaerobic conditions at 37°C for 18 hours. Colonies numbering 

between 3 and 30 CFU per spot, without spreading growth, were counted. CFU/mL for 

each suspension was calculated by multiplying the mean colony count by the 

corresponding dilution factor ×100. A standard curve was generated by linear regression 

of OD600 against CFU/mL values for each bacterial species. 

8. Colony-forming unit assay for antibacterial capacity 

Co-culture medium was prepared using IMDM supplemented with 20% FBS, with 

or without 600 μg/mL MH. dHL-60 cells were collected by centrifugation, washed with 

PBS, resuspended in co-culture medium, and counted using an automatic cell counter 
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(BodBoge, JSY-SC-031N). 

Bacterial suspensions were collected, resuspended in PBS, and diluted to OD600 < 

0.8. CFU/mL was calculated from the OD600 value using the respective standard curve. 

Four equal aliquots of the bacterial suspension were divided and centrifuged: two were 

resuspended in standard co-culture medium and two in MH-containing co-culture 

medium. Each suspension was further diluted to a density 100 times greater than the 

cell density (MOI = 1:100). Equal volumes of cell and bacterial suspensions were mixed 

and incubated at 37°C on an orbital shaker for 4 hours. Colony counting was performed 

as described above. 

Four groups were defined: Blank (−/0; bacteria + co-culture medium), dHL-60 

(+/0; bacteria + dHL-60 + co-culture medium), Mino (−/600; bacteria + MH-containing 

co-culture medium), and dHL-60 + Mino (+/600; bacteria + dHL-60 + MH-containing 

co-culture medium). 

9. Statistical analysis 

CCK-8 and ELISA data were first assessed for normality (Shapiro-Wilk test) and 

homogeneity of variance (Brown-Forsythe test). Normally distributed data with equal 

variances were analyzed by one-way ANOVA; normally distributed data with unequal 

variances were analyzed by Welch's one-way ANOVA; non-normally distributed data 

were analyzed by non-parametric tests. All CCK-8 and ELISA data in this study 

satisfied the assumptions of normality and homogeneity of variance and were therefore 

analyzed by one-way ANOVA. 

Fluorescence images were processed and analyzed using ImageJ (NIH, Bethesda, 

MD, USA). 

Standard curves for Pg, Pi, and Fn were generated by simple linear regression, 

with R² values reported.  

For the co-culture antibacterial assay, CFU data were log₁₀-transformed prior to 

normality testing (Shapiro-Wilk test) and residual plot analysis for variance 

homogeneity. Data satisfying both assumptions were analyzed by two-way ANOVA 
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with Šídák correction for multiple comparisons; non-normally distributed data were 

analyzed by non-parametric tests. All co-culture data in this study met the assumptions 

for two-way ANOVA. 

Results 

1. Successful differentiation of HL-60 cells into dHL-60 

Following 5 days of induction, the proportion of CD11b-positive cells in dHL-60 

group was markedly higher than in the Blank group, reaching 95.4%, exceeding the 80% 

threshold for successful differentiation. CD14 surface expression was negligible in both 

groups (Fig. 1). 

 

Fig. 1 Flow cytometry analysis of CD11b and CD14 surface expression in Blank (undifferentiated 

HL-60), and dHL-60 groups following 5-day differentiation induction. CD11b positivity rate was 

1.42% (Blank) and 95.4% (dHL-60). 

2. Cytotoxicity of MH toward dHL-60: toxic concentration at 1000 

μg/mL 

After 4 hours of incubation, cell viability in the 100-600 μg/mL groups showed a 

slight, non-significant decline compared to the 0 group, but remained above 80% in all 

cases. Cell viability in the 800 μg/mL group decreased further to just above 80% and, 

although not statistically different from the 0 group, approached significance (p = 

0.0514). The 1000 μg/mL group demonstrated a marked reduction in cell viability to 

approximately 50%, which was significantly lower than both the 80% threshold and the 

0 group (****p < 0.0001) (Fig. 2). 
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Fig. 2 Cell viability of dHL-60 following 4-hour incubation with MH at concentrations of 0-1000 

μg/mL, assessed by CCK-8 assay. Cell viability is expressed as a percentage relative to the 0 

μg/mL group. Data are presented as mean ± SD (n > 3). Statistical comparisons were performed 

by one-way ANOVA. ****p < 0.0001. 

3. MH at 600 μg/mL inhibits PAD4 activity in dHL-60 

Following 4 hours of PMA stimulation, cit H3 production was detectable across 

all groups. From the 100 μg/mL group onward, cit H3 levels declined progressively 

with increasing MH concentration. No significant difference was observed between the 

100-400 μg/mL groups and the 0 group. A further reduction was observed in the 600-

1000 μg/mL groups, which were significantly lower than the 0 group (***p < 0.005). 

Upon addition of CI, cit H3 production in the CI group was significantly elevated 

compared to the 600 μg/mL group (**p = 0.007), yet remained significantly lower than 

the 0 group (*p = 0.0107) (Fig. 3). 
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Fig. 3 Cit H3 production by dHL-60 following 4-hour PMA stimulation in medium containing 

MH at 0–1000 μg/mL (left panel), and in the 0, 600 μg/mL, and calcium ionophore (CI; 4 μmol/L) 

groups (right panel). Data are presented as mean ± SD (n > 3). One-way ANOVA. *p < 0.05; **p < 

0.01; ***p < 0.001. 

4. MH at 600 μg/mL suppresses NETs formation in dHL-60 

Following PMA stimulation, NETs production was detected across all groups. 

NETs levels in the 100 and 200 μg/mL groups were comparable to the 0 group, and 

those in the 400 μg/mL group showed a downward trend without reaching statistical 

significance. NETs production in the 600-800 μg/mL groups was significantly reduced 

compared to the 0 group (*p < 0.05). 

Addition of CI significantly increased NETs production relative to the 600 μg/mL 

group (*p = 0.0242), restoring levels to a point no longer significantly different from 

the 0 group (p = 0.1945) (Fig. 4). 
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Fig. 4 NETs production, quantified by MPO-DNA complex ELISA, in dHL-60 following 4-hour 

PMA stimulation in medium containing MH at 0-1000 μg/mL (left panel), and in the 0, 600 

μg/mL, and calcium ionophore (CI; 4 μmol/L) groups (right panel). Data are presented as mean ± 

SD (n > 3). One-way ANOVA. *p < 0.05; **p < 0.01. 

5. Immunofluorescence confirms reduction in NETs at 600 μg/mL 

MH 

Following 4 hours of PMA stimulation, no extracellular NE or DNA was detected 

in the Blank group (Fig. 5a, d). In the NETs group, cells displayed irregular morphology 

with visible extracellular NE and web-like DNA structures showing substantial co-

localization (Fig. 5b, e). Green fluorescence intensity was visibly higher in the NETs 

group than in the Blank group. Notably, the NETs group exhibited cellular aggregation 

surrounding the extracellular NE and DNA structures (Fig. 5e). 

In the Mino group, extracellular DNA (blue fluorescence) and NE (green 

fluorescence) were largely absent. Green fluorescence intensity was visibly reduced 

compared to the NETs group, and cellular aggregation was no longer observed (Fig. 5c, 

f). 
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Fig. 5 Immunofluorescence staining following 4-hour PMA stimulation (two representative fields 

shown per group). Green: anti-neutrophil elastase (NE) antibody (CoraLite® Plus 488); blue: 

DAPI (DNA). (a, d) Blank group (undifferentiated HL-60 + PMA): only intracellular blue 

fluorescence detected, with no extracellular NE or DNA signal. (b, e) NETs group (dHL-60 + 

PMA): extracellular green (NE) and blue (DNA) signals with substantial co-localization, 

indicating NETs formation; cellular aggregation is observed in panel (e). (c, f) Mino group (dHL-

60 + PMA + 600 μg/mL MH): extracellular NE and DNA signals largely absent; green 

fluorescence markedly reduced compared to the NETs group; cellular aggregation no longer 

observed. Scale bar: 50 μm. 

6. MH suppresses IL-1β, IL-6, IL-17, and TNF-α secretion 

Addition of 600 μg/mL MH to the NETs group resulted in significant reductions 

in dHL-60 secretion of IL-1β, IL-6, IL-17, and TNF-α (all ***p < 0.0005). 

Upon addition of CI, IL-6 and TNF-α levels were significantly elevated compared 

to the Mino group. IL-6 showed a significant increase (**p = 0.0012) but remained 

significantly lower than the NETs group (****p < 0.0001). TNF-α increased markedly 

(****p < 0.0001) and, upon CI addition, was even significantly higher than in the NETs 

group (*p = 0.0326). In contrast, IL-1β and IL-17 levels showed no significant change 

following CI addition compared to the Mino group, and remained significantly lower 

than the NETs group (both **p < 0.005) (Fig. 6). 
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Fig. 6 Secretion of IL-1β, IL-6, IL-17, and TNF-α (all in pg/mL) by dHL-60 in the NETs group 

(dHL-60 + PMA), Mino group (dHL-60 + PMA + 600 μg/mL MH), and Mino+CI group (dHL-60 

+ PMA + 600 μg/mL MH + 4 μmol/L CI). Data are presented as mean ± SD (n > 3). One-way 

ANOVA. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 

7. CFU-OD600 standard curves for Pg, Pi, and Fn 

Standard curves were successfully generated for Pg, Pi, and Fn by simple linear 

regression, with R² values of 0.9952, 0.9982, and 1.000, respectively, indicating 

excellent linearity across the tested range (Fig. 7). 

 

Fig. 7 CFU-OD600 standard curves for Pg, Pi, and Fn generated by simple linear regression. Pg: 

Y = 89.69X + 0.1608, R² = 0.9952; Pi: Y = 406.5X − 2.806, R² = 0.9982; Fn: Y = 441.3X + 

0.5615, R² = 1.000. X-axis: OD600; Y-axis: CFU/mL (×10⁷ for Pg and Pi; ×10⁶ for Fn). 

8. MH enhances the antibacterial capacity of dHL-60 

Two-way ANOVA demonstrated that both MH and dHL-60 independently exerted 

highly significant effects on bacterial CFU counts (all ****p < 0.0001 across all three 

species). Critically, a significant interaction between MH and dHL-60 was detected for 
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all three periodontopathogens (all ****p < 0.0001). The proportion of total variance 

attributable to each factor is summarized in Table 1. 

In terms of variance contribution, MH was the dominant factor driving changes in 

bacterial CFU counts, followed by dHL-60, with the MH–dHL-60 interaction 

accounting for a smaller but statistically significant proportion of total variance. 

Table 1 Two-way ANOVA results for Pg, Pi, and Fn 

 

 

Sum of 

squares df MS F (DFn, DFd) 

% of 

total 

variance p value 

Pg 

Interaction 1.174 1 1.174 F (1, 12) = 70.68 6.677% ****p <0.0001 

dHL-60 5.706 1 5.706 F (1, 12) = 343.6 32.45% ****p <0.0001 

MH 10.5 1 10.5 F (1, 12) = 632.4 59.74% ****p <0.0001 

Residual 0.1993 12 0.01661    

 
       

Pi 

Interaction 1.068 1 1.068 F (1, 12) = 60.37 5.374% ****p <0.0001 

dHL-60 6.22 1 6.22 F (1, 12) = 351.4 31.29% ****p <0.0001 

MH 12.38 1 12.38 F (1, 12) = 699.5 62.27% ****p <0.0001 

Residual 0.2124 12 0.0177    

        

Fn 

Interaction 2.903 1 2.903 F (1, 12) = 150.7 7.55% ****p <0.0001 

dHL-60 3.814 1 3.814 F (1, 12) = 198.0 9.92% ****p <0.0001 

MH 31.5 1 31.5 F (1, 12) = 1635 81.93% ****p <0.0001 

Residual 0.2312 12 0.01926  
  

Post-hoc multiple comparisons with Šídák correction revealed that MH 

significantly potentiated the antibacterial effect of dHL-60. After 4 hours of co-culture, 

CFU counts in both the dHL-60 and Mino groups were significantly lower than in the 

Blank group for all three bacterial species (all ****p < 0.0001), and the Mino group 

showed significantly lower CFU counts than the dHL-60 group. The dHL-60 + Mino 

group achieved the greatest bacterial reduction, with CFU counts significantly lower 

than all other groups for Pg and Pi, and significantly lower than the Blank and dHL-60 

groups for Fn (Fig. 8). 

Representative plate images of colony counts for each group are shown in Fig. 9. 
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Fig. 8 Two-way ANOVA multiple comparison results for Pg, Pi, and Fn. X-axis: absence (−) or 

presence (+) of dHL-60; bar color: MH concentration (0 or 600 μg/mL). Y-axis: log₁₀-transformed 

CFU/mL. Data are presented as mean ± SD (n > 3). Two-way ANOVA with Šídák correction. **p 

< 0.01; ***p < 0.001; ****p < 0.0001. 

 

Fig. 9 Representative TSBA plate images of colony counts following 18-hour anaerobic culture at 

37°C. Rows represent bacterial species: Pg, top row; Pi, middle row; and Fn, bottom row. 

Columns represent treatment groups from left to right: Blank (bacteria + medium), dHL-60 

(bacteria + dHL-60 + medium), Mino (bacteria + 600 μg/mL MH + medium), and dHL-60 + Mino 

(bacteria + dHL-60 + 600 μg/mL MH + medium). Each plate is divided into quadrants 
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corresponding to serial dilutions (10⁻4-10⁻7 for Pg and Pi, 10⁻3-10⁻6 for Fn). Progressive reduction 

in colony density from Blank to dHL-60 + Mino groups is consistent with quantitative CFU data 

shown in Fig. 8. 

Discussion 

1. The effective NETs-inhibitory concentration of MH falls within a 

physiologically plausible range 

Knuckley et al. were the first to identify MH as a mixed-type inhibitor of PAD4 

using a novel activity-based protein profiling (ABPP) approach, reporting an IC₅₀ of 

0.62 mM (approximately 306 μg/mL) against PAD4 with benzyl-L-arginine ethyl ester 

(BAEE) as substrate[28]. However, no subsequent study has examined whether MH 

can inhibit PAD4 activity or suppress NETs formation in a cellular or in vivo model. 

The present study established an in vitro NETs model and first determined the 

upper safe concentration of MH during the NETs induction period using CCK-8, 

thereby excluding confounding effects of differential cell viability on downstream 

assays. Within this concentration range, PAD4 activity was assessed by quantifying its 

enzymatic product cit H3, and NETs formation was validated by quantifying MPO-

DNA complexes, with CI serving as a PAD4 agonist control to confirm the effective 

inhibitory concentration. The results demonstrated that MH at 600-800 μg/mL 

significantly suppressed both cit H3 and MPO-DNA complex production, and these 

effects were partially or fully reversed by CI. Combined with immunofluorescence 

visualization of NE, which provided qualitative confirmation of NETs suppression, the 

present study employed multiple established NETs markers to characterize NETs 

formation both qualitatively and quantitatively, demonstrating for the first time that MH 

can inhibit PAD4 activity and consequently suppress NETs formation in a cellular 

model, with a minimum effective concentration of 600 μg/mL. 

This effective concentration is approximately twice the IC₅₀ reported by Knuckley 

et al., a discrepancy that is attributable to differences in both the experimental readout 
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and the model system. First, Knuckley et al. measured IC₅₀ against PAD4 enzymatic 

activity directly, whereas the present study focused on the minimum concentration 

required to achieve statistically significant suppression of NETs formation as a 

downstream biological outcome. Second, Knuckley et al. conducted a biochemical 

assay in the absence of cellular barriers or intracellular metabolism, allowing direct and 

efficient drug–target contact. In contrast, the present cellular model requires MH to first 

traverse the plasma membrane via transmembrane transport. Although MH is known to 

accumulate intracellularly in neutrophils at low concentrations, the intracellular-to-

extracellular concentration ratio decreases progressively as extracellular concentrations 

rise[10], meaning that elevating extracellular MH yields diminishing returns in 

intracellular drug accumulation. MH must then reach PAD4 within the nucleus while 

contending with non-specific protein binding and intracellular metabolism that further 

reduce the effective intracellular concentration. The effective cellular concentration of 

approximately twice the biochemical IC₅₀ is therefore within a physiologically plausible 

range, and the two findings are mutually corroborating: MH can inhibit PAD4 not only 

in a biochemical protein profiling assay, but also in a cellular model through 

suppression of the downstream biological process of NETs formation. 

2. MH attenuates inflammation and may reduce bone resorption 

through NETs suppression 

The present study examined changes in the secretion of four cytokines — IL-1β, 

IL-6, IL-17, and TNF-α — following MH-mediated NETs suppression. These cytokines 

were selected because of their well-established roles in periodontitis and peri-

implantitis[59-61]: their concentrations are markedly elevated in the gingival crevicular 

fluid and saliva of affected patients[62, 63], correlate with disease severity, and their 

blockade with antagonists or receptor inhibitors has been shown to significantly reduce 

lesion size[64-66]. They are accordingly regarded as established biomarkers of 

periodontitis and peri-implantitis[67-71]. Notably, IL-1β, IL-6, and TNF-α can 

themselves stimulate neutrophils to produce NETs[56], establishing a self-amplifying 
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inflammatory loop that MH may interrupt at multiple points. 

Upon inflammatory stimulation, neutrophils undergo cell lysis to release NETs, 

accompanied by the concurrent release of various cytokines. Several studies have 

reported associations between cytokine secretion and NETs production: Zhang et al. 

found that protein levels of IL-1β, IL-36α, IL-36γ, caspase-1, and HMGB1 largely 

paralleled NETs production in an ex vivo skin explant model[72]. Curren et al. 

demonstrated that HpARI, an immunomodulatory protein secreted by intestinal 

parasites, reduced rhinovirus-induced NETs in the lungs of chronic asthmatic mice 

while simultaneously decreasing airway levels of IL-1α, IL-1β, IL-4, and IL-5[42]. 

However, although these studies attempted to investigate the mechanisms of cytokine 

release following NETs depletion using PAD4 inhibitors or DNase, they were 

conducted primarily in vivo, making it difficult to distinguish whether the observed 

reduction in cytokine release resulted directly from decreased neutrophil secretion or 

from attenuated downstream responses in other cell types secondary to reduced NETs. 

Consequently, few studies have specifically examined the relationship between these 

neutrophil-derived pro-inflammatory cytokines and NETs formation — that is, whether 

their secretion constitutes an intrinsic part of the NETs formation process itself, or 

merely co-occurs with NETs release following neutrophil activation by inflammatory 

stimuli. 

The present study addressed this question by quantifying cytokine levels following 

MH-mediated NETs suppression, and by using CI to restore PAD4 activity and thereby 

distinguish NETs-dependent from NETs-independent cytokine secretion. The results 

showed that 600 μg/mL MH significantly reduced IL-1β, IL-6, IL-17, and TNF-α 

secretion. Notably, TNF-α secretion tracked closely with NETs production and was 

restored beyond NETs-group levels upon CI addition, while IL-6 suppression was only 

partially reversed by CI. In contrast, IL-1β and IL-17 secretion was unaffected by CI 

addition, remaining significantly lower than the NETs group. These findings indicate 

that MH suppresses IL-6 and TNF-α secretion at least in part through NETs-dependent 
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pathways, whereas the reduction in IL-1β and IL-17 secretion is mediated through 

NETs-independent mechanisms. In other words, IL-6 and TNF-α secretion is coupled 

to the NETs formation pathway, while IL-1β and IL-17 secretion in this model is not. 

Beyond pro-inflammatory cytokine regulation, NETs have been shown to promote 

M1 macrophage polarization[73-77], accelerate osteoclast differentiation[78, 79], and 

enhance osteoclast-mediated bone resorption[80]. Suppression of NETs formation — 

whether by PAD4 inhibitors, Padi4-deficient mouse models, or DNase treatment — has 

been shown to significantly reduce bone resorption[80, 81] and accelerate fracture 

healing[82]. Taken together, these findings suggest that MH may confer additional 

benefits in periodontitis and peri-implantitis through direct attenuation of NETs-driven 

tissue and bone destruction, beyond its suppressive effects on pro-inflammatory 

cytokine secretion.  

3. MH enhances neutrophil antibacterial capacity: evidence of 

immunomodulatory activity 

The present study selected three bacterial species with well-established roles in the 

pathogenesis of periodontitis[83] and peri-implantitis[84-86]: Pg, a member of the red 

complex, and Pi and Fn, members of the orange complex. Standardized CFU-OD600 

standard curves were generated for each species to ensure a consistent MOI across 

experiments. Two-way ANOVA was then applied to dissect the independent and 

interactive effects of dHL-60 and MH on bacterial killing. 

The results demonstrated that, despite suppressing NETs formation, MH did not 

impair dHL-60 antibacterial capacity; rather, MH and dHL-60 together exhibited 

superior antibacterial efficacy compared to either agent alone. Critically, two-way 

ANOVA revealed a significant interaction between MH and dHL-60 across all three 

bacterial species, and post-hoc multiple comparisons confirmed that MH significantly 

enhanced dHL-60 antibacterial efficacy — an effect that cannot be explained by the 

additive contributions of MH and dHL-60 alone. 

MH is a widely used tetracycline-class antibiotic characterized by high 
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lipophilicity[9], enabling it to diffuse directly across the bacterial cell membrane and 

bind to the bacterial 30S ribosomal subunit, thereby inhibiting protein synthesis and 

exerting its antibacterial effect[11]. In terms of pharmacodynamic/pharmacokinetic 

(PD/PK) properties, MH is classified as an AUC (area under the curve)/MIC (minimum 

inhibitory concentration)-dependent antibiotic, or alternatively as a time-dependent 

antibiotic with a prolonged post-antibiotic effect: its antibacterial activity does not 

strictly correlate with the duration for which plasma concentration exceeds the MIC, 

but rather depends on the total drug exposure to the bacteria. Among PD/PK indices, 

the AUC/MIC ratio best predicts its clinical antibacterial efficacy[87]. Consequently, 

although MH already exhibits excellent antibacterial activity against periodontal 

pathogens, with an MIC₉₀ ≤ 2 μg/mL[6, 7], substantially increasing its concentration — 

even up to 500 μg/mL — can further enhance its antibacterial potency, significantly 

reducing the viability of preformed Pg biofilms[5]. 

Building on these findings, the present study demonstrates that MH exerts 

antibacterial effects not only through its direct antimicrobial action, but also indirectly 

through modulation of immune cell function. Previous studies have reported that other 

classes of antibiotics can influence neutrophil antibacterial function through diverse 

mechanisms: azithromycin accumulates within neutrophil lysosomes and cytoplasmic 

granules and fuses with bacteria-containing phagosomes, thereby enhancing 

intracellular bactericidal capacity[16-18]; cefodizime may enhance neutrophil 

phagocytosis via the LPS–TLR4–NF-κB pathway[20]; and fluoroquinolones have also 

been shown to potentiate antibacterial activity by stimulating neutrophil 

phagocytosis[19]. No such immunomodulatory antibacterial mechanism has previously 

been reported for MH, and the present study is the first to identify this phenomenon. 

Given that MH similarly accumulates within neutrophils, it may act through a 

mechanism analogous to that of azithromycin — enhancing intracellular bactericidal 

capacity and thereby acting synergistically to achieve superior antibacterial efficacy. 

However, the precise underlying mechanism and signaling pathway remain to be 
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confirmed through further investigation. 

Taken together, the present study successfully established a stable and 

reproducible in vitro NETs model. Using this model, qualitative and quantitative 

analysis of PAD4 products and multiple established NETs markers demonstrated for 

the first time that MH suppresses NETs formation through PAD4 inhibition, while 

simultaneously enhancing — rather than impairing — neutrophil antibacterial capacity 

against key periodontopathogens, and exerting additional anti-inflammatory effects 

through both NETs-dependent and NETs-independent pathways. 

4. Significance and Limitations 

1. Significance 

This study provides the first demonstration that MH at 600-800 μg/mL can 

suppress NETs formation through inhibition of intracellular PAD4 activity in 

neutrophils, thereby exerting anti-inflammatory and immunomodulatory antibacterial 

effects. 

As noted above, the clinical application of MH in periodontitis and peri-implantitis 

has historically focused on its antibacterial properties, with dosing guided by MIC₉₀ 

values that exploit its potency at relatively low concentrations. The present findings 

suggest that elevating the effective extracellular concentration to 600 μg/mL unlocks 

additional therapeutic benefits beyond direct antibacterial activity. 

With regard to anti-inflammatory effects, MH at this concentration not only exerts 

the intrinsic anti-inflammatory actions previously described — including suppression 

of IL-1β, nitric oxide, and prostaglandin E₂ production[25, 26] — but additionally 

inhibits PAD4 activity, thereby reducing NETs formation and attenuating downstream 

inflammatory progression.  

With regard to antibacterial effects, increasing the MH concentration to 600 μg/mL 

amplifies its direct antibacterial potency: while retaining inhibitory activity against 

planktonic bacteria, MH at this concentration has also been shown to effectively reduce 



 

24 

the viability of bacterium in biofilms[5]. Beyond these direct effects, MH at 600 μg/mL 

further enhances antibacterial capacity through modulation of neutrophil function. 

When the effective extracellular concentration reaches 600 μg/mL, MH therefore 

exhibits a broader and more potent therapeutic profile that more closely aligns with the 

complex pathophysiological demands of periodontitis and peri-implantitis. These 

findings provide a novel rationale and consideration for future optimization of MH 

dosing strategies in clinical practice. 

2. Limitations 

According to the present findings, the effective concentration of MH solution 

(600–800 μg/mL) is relatively close to its cytotoxic threshold for neutrophils (1000 

μg/mL), raising concerns regarding the likelihood of adverse effects and the feasibility 

of direct clinical application at this concentration. As this study was conducted in vitro, 

MH in solution form was distributed directly in the extracellular environment, lacking 

cellular targeting and exhibiting low efficiency of transmembrane delivery. Moreover, 

the simplified in vitro conditions differ substantially from the complexity of the in vivo 

environment, and these findings therefore remain at some distance from direct clinical 

translation. 

In practical applications, drug delivery could be improved through the 

development of transmembrane carrier systems that selectively target neutrophils — or 

even intracellular PAD4 within neutrophils — to enable selective delivery of MH into 

the cell, thereby enhancing delivery efficiency and reducing the minimum effective 

concentration required. Alternatively, appropriate administration routes and 

formulations, such as local delivery via microneedle injection, could improve drug 

utilization efficiency and reduce the required dosage, thereby improving the safety 

profile of MH. 

Furthermore, given that MH acts as a mixed-type PAD4 inhibitor binding to an 

allosteric site distinct from the enzyme's active center, it may be co-administered with 

other PAD4 inhibitors that act through mechanisms different from that of MH, 
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potentially achieving comparable or superior anti-inflammatory and antibacterial 

effects at lower, safer drug doses. Should additional antibiotics beyond the tetracycline 

class be identified with PAD4-inhibitory activity, their combined use with MH could 

further enhance antibacterial efficacy while reducing the risk of resistance development. 

The mechanism underlying the immunomodulatory effect of MH on neutrophils 

during its antibacterial action warrants further investigation, and whether MH exerts 

similar regulatory effects on other immune cells within the immune system merits 

future exploration. 

Conclusions 

This study provides the first cellular evidence that MH suppresses NETs formation 

in an in vitro model through inhibition of PAD4 activity. MH significantly reduced 

secretion of the pro-inflammatory cytokines IL-1β, IL-6, IL-17, and TNF-α; the 

suppression of IL-6 and TNF-α was at least partially mediated through NETs-dependent 

pathways, while that of IL-1β and IL-17 operated through NETs-independent 

mechanisms. Furthermore, MH was found to interact synergistically with neutrophil-

like cells to enhance antibacterial efficacy against key periodontopathogens, 

demonstrating an immunomodulatory antibacterial function not previously described 

for MH. 

List of abbreviations 

Abbreviations Definition 

ABPP Activity-Based Protein Profiling 

ANOVA Analysis of Variance 

ATRA All-trans-retinoic Acid 

AUC  Area under the Curve 

BAEE N-benzoyl-L-arginine-ethylester 

BHI Brain-Heart Infusion 
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CCK8 Cell Counting Kit-8 

CFU Colony-Forming Unit 

CI Calcium Ionophore 

Cit H3 Citrullinated Histone H3 

COX-2 Cyclooxygenase-2 

dHL-60 Differentiated HL-60 

DMF N,N-Dimethylformamide 

ELISA Enzyme Linked Immunosorbent Assay 

EMMPRIN Extracellular Matrix Metalloproteinase Inducer 

FBS Fetal Bovine Serum 

Fn Fusobacterium nucleatum 

HMGB1 High Mobility Group Box 1 

HpARI Heligmosomoides polygyrus Alarmin 

Release Inhibitor 

IL-1α/β Interleukin-1α/β 

IL-4 Interleukin-4 

IL-5 Interleukin-5 

IL-6 Interleukin-6 

IL-17 Interleukin-17 

IMDM Iscove's Modified Dulbecco's Medium 

iNOS Inducible Nitric Oxide Synthase 

LPS Lipopolysaccharide 

MIC Minimum inhibitory concentration 

MMP-9 Matrix Metallopeptidase 9 

MOI Multiplicity of Infection 

MPO Myeloperoxidase 

NE Neutrophil Elastase 

NETs Neutrophil Extracellular Traps 
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OD Optical Density 

PAD4 Peptidyl Arginine Deiminase 4 

PBS Phosphate Buffered Saline 

PD Pharmacodynamic 

Pg Porphyromonas gingivalis 

Pi Prevotella intermedia 

PK Pharmacokinetic 

PMA Phorbol 12-myristate 13-acetate 

P-S Penicillin-Streptomycin 

TNF-α Tumor Necrosis Factor-α 

TSBA Tryptic Soybean Blood Agar 
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