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Abstract 

Introduction: Piperlongumine (PL) is a bioactive alkaloid and medicinal compound of piperamide isolated from the long 

pepper (Piper longum Linn). It has demonstrated bactericidal action against Mycobacterium tuberculosis (MTB), the cause of 

pulmonary tuberculosis; nevertheless, immunomodulatory activity had not been identified for it in MTB-triggered granulomatous 

inflammation. This study investigated if piperlongumine could inhibit such inflammation. Material and Methods: Mycobacterium 

tuberculosis strain H37Rv was subjected to a broth microdilution assay. Piperlongumine at 5, 15, and 25 μg/mL, 0.2% dimethyl 

sulphoxide as control or 4 μM of dexamethasone were tested in vitro on MH-S murine alveolar macrophages. BALB/c mice were 

orally administered PL at 50, 100 and 150 mg/kg b.w. after trehalose-6,6-dimycolate (TDM) stimulation. Chemokine and cytokine 

concentrations were determined in lung supernatants. Flow cytometry and Western blot analysis were performed to determine 

phosphorylated spleen tyrosine kinase (Syk), c-Jun N-terminal kinase (JNK) and extracellular signal-regulated kinase (ERK) 

pathways. Results: Piperlongumine inhibited inflammatory mediators and adherence of lymphocyte function-associated antigen 1 

to MH-S cells following TDM activation. It also improved macrophage clearance of MTB. In TDM-stimulated MH-S cells,  

PL significantly influenced the macrophage inducible Ca2+-dependent lectin receptor (Mincle)-Syk-ERK signalling pathway. Oral 

dosing of PL effectively suppressed the development of pulmonary granulomas and inflammatory reactions in the TDM-elicited 

mouse granuloma model. Conclusion: PL as an inhibitor of MTB-triggered granulomatous inflammation may be an effective 

complementary treatment for mycobacterial infection. 
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Introduction 

Pulmonary tuberculosis is caused by Mycobacterium 

tuberculosis, belonging to the Mycobacteriaceae family, 

which is indicated to be a dangerous pathogen and 

challenging to treat. In Mycobacterium tuberculosis 

(MTB) infection, macrophages are the targeted immune 

cells (1). The host induces quarantine granuloma 

formation to contain bacteria and prevent their 

multiplication in response to evasive mycobacterial 

infection (2). It is possible for an immunocompetent  

host to overcome minor granuloma-mediated 

inflammation and thus regulate the infection. In  

an immunocompromised host; however, granulomas can 

lead to necrotic granulomatous inflammation which 

causes widespread tissue destruction (3). A granuloma 

consists primarily of stimulated macrophages, and  

T lymphocytes are scarce in their environment (4).  

An assemblage of cytokines release caused by 

Mycobacterium tuberculosis interaction with macrophages 

can function and modulate the environment of additional 

cells inside the granuloma (5). Therefore, to modify 

granuloma-mediated inflammation and control 

mycobacterial infection, proper control of activated 

macrophages is necessary. 

Many pathogen-associated molecular patterns are 

associated with MTB pathogenesis through interactions 

with the pattern recognition receptors. Highly abundant 

peripheral membrane lipids are key to the virulence of 

Mycobacterium tuberculosis. Trehalose 6, 6-dimycolate 
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(TDM), comprising of peripheral membrane lipids, is 

the rich lipid formed in cell walls via virulent MTB (6). 

Infection with this bacterium causes TDM to show 

immunostimulatory characteristics, including granuloma 

genesis (7–9). By stimulating the development of 

cytokines associated with pro-inflammatory mediators 

such as tumour necrosis factor alpha (TNF-α), TDM 

contributes to inflammation and pulmonary granuloma 

development in mice, reflecting many aspects of normal 

lung MTB infection (9–13). Thus, the TDM mouse 

model offers an advantageous means to investigate the 

responses of granulomas in vivo to various treatments. 

Release of cytokines and chemokines plays a primary 

role in the recruitment and aggregation of pro-

inflammatory cells towards the formation of granulomas 

(10). It has been shown that MTB and its associated 

components induce the release of inflammatory 

interleukins such as interleukin 1 beta (IL-1β), 

interleukin 6 (IL-6) and TNF-α (11) by mononuclear 

phagocytes in vitro. Animal tuberculosis models have 

also shown the presence of these cytokines in 

granulomas (12). Highly concentrated inflammatory 

chemokines such as C-C motif chemokine ligand 8 

(CXCL-8), C-C motif ligand 2 (CCL-2), C-C motif 

chemokine ligand 10 (CXCL-10) and C-C motif ligand 5 

(CCL-5) have been observed in the BAL bronchial 

alveolar lavage and serum in tuberculosis patients  

(13–16). Actions that modify this inflammatory cytokine 

and chemokine could also improve MTB pathogenesis. 

Natural remedies derived from plants provide new 

medicinal and extremely efficient antimicrobial 

compounds (17, 18). In medical care, one of the leading 

recent developments in the fight against resistant 

pathogens involves antimicrobial combination therapy 

(19–21). Bioactive molecules from plant sources may 

also be tested for possible effects in the discovery and 

development of new antibiotics to suppress bacterial 

resistance (21–23). Bioactive compounds can also 

potentiate the effect of antimicrobial drugs and plant 

extracts, thus performing like antibiotic adjuvants (23). 

The deactivation of a bacterium's mechanism of 

resistance to existing antibiotics is yet another 

systematic approach to combating multidrug-resistant 

microbes in clinical settings. Such plant bioactive 

substances can also act as inhibitors against infections 

that are multi-drug-resistant (24–25). 

Piperlongumine (PL) is a bioactive alkaloid 

isolated from the long pepper (Piper longum Linn) used 

in ancient Indian medicine for the treatment of chronic 

bronchitis, intestinal cramps and other diseases (26). 

Piperlongumine, often recognised as piplartin, is  

a compound of piperamide, which besides being 

contained by Piper longum L is also extractable from 

Indian pepper (27). A bioactive compound (naringenin) 

is effective against multi-drug-resistant pathogens like 

Pseudomonas aeruginosa (28). Previous studies have 

indicated that piperine, an alkaloid present in black 

pepper, seems to be an effective antimicrobial agent  

that acts as an efflux pump inhibitor of several bacteria  

(29, 30). Recent piperine and piperlongumine 

pharmacological research (31–34) has led us to believe 

that piperamide compounds can strengthen the antibiotic 

effect of certain traditional antimicrobials significantly, 

serving as antibiotic adjuvants. 

Material and Methods 

Material. Rifampicin and piperlongumine 

(potency > 98%) were obtained from Sigma-Aldrich 

(Beijing, China). 

Culture. Mycobacterium tuberculosis strain 

H37Rv (ATCC-27294) was cultivated and subsequently 

inoculated on a laboratory shaker at 37°C for 7 days in 

Middlebrook 7H9 liquid medium supplemented with 

0.4% glycerol, 0.30% Tween 80, and 12% albumin 

dextrose catalase to promote organism growth in the 

exponential phase. The bacterial suspension turbidity 

was adjusted to 1.0 McFarland standard equivalence  

(2 × 107 CFU/mL). 

Broth microdilution assay. Piperlongumine was 

obtained from Sigma-Aldrich. Stock solutions of  

1 mg/mL moxifloxacin hydrochloride (Sigma-Aldrich) 

were dissolved in water, PL was dissolved in dimethyl 

sulfoxide (DMSO) at 0.1% v/v, and rifampicin was 

dissolved in 95% ethanol. For each compound, the 

minimum inhibitory concentration (MIC) was 

determined using the Alamar Blue broth microdilution 

method (13). In short, 0.04% (v/v) of mycobacterial 

suspensions were prepared between 80 and 0.2% bovine 

serum albumin (BSA) so that their turbidities were 

equivalent to 1.0 McFarland standard. The suspension 

was diluted in 7H9 broth at 1:25. The minimum 

inhibitory concentration was identified as the final drug 

concentration that caused a bluish to light pink colour 

change. The MICs calculated for each compound were 

0.325 μg/mL for moxifloxacin hydrochloride, 0.5 μg/mL 

for rifampicin, and 4.5 μg/mL for piperlongumine. 

Cell viability assay. An MH-S murine alveolar 

macrophage cell line (MH-S) was obtained from the 

American Type Culture Collection, (Manassas, VA, 

USA). Cultured MH-S cells in a 6 × 105 quantity were 

added to a 96-well plate for 48 h in the presence or 

absence of PL (2.5–45 μg/mL) at concentrations  

10 times higher than the MIC for the H37Rv strain of  

M. tuberculosis. The cultured and grown cells were treated 

with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) (1 mg/mL) and then incubated for 3 h  

at 37°C. For total dissolving of formazan crystals, DMSO 

(200 μL) was incorporated into each well and incubated 

at 37°C. The plates were read at 587 nm on a microplate 

reader with 0.02% DMSO used as a control. The optical 

density readings were noted relative to this control. 

Cell culture and in vitro treatment. Alveolar  

MH-S murine alveolar macrophages were grown 

following the instructions provided by the supplier 

(Cellular Research Center, Shanghai, China). The TDM 

was dissolved in chloroform with further dilution with 

alcohol (1 mg/mL) and pipetted at 50 μg/well into  

96-well plates. The solvent was evaporated for 5–6 h  
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at 37°C in a chamber. For cell stimulation and 

incubation, cells were seeded on these plates for 24 or 

48 h. Piperlongumine concentrated at 4.5 μg/mL,  

0.2% DMSO as the control or 4 μM of dexamethasone 

(Sigma-Aldrich) were added to the wells at the time of 

cell seeding. Heat-inactivated Bacillus Calmette–Guérin 

(BCG) activated the cells for 24 h. 

RNA isolation and quantitative RT-PCR. The 

MH-S cells were frozen in RNAiso Plus (Thermo Fisher 

Scientific, Chengdu, China) after TDM stimulation  

in the presence or absence of PL. The entire RNA  

was extracted according to the manufacturer’s 

instructions. Complimentary DNA was synthesised 

using SuperScript II reverse transcriptase (Thermo 

Fisher Scientific). A quantitative RT-PCR cDNA 

analysis was performed to determine the relative expression 

of mRNA using the ∆∆Ct method with glyceraldehyde 

3-phosphate dehydrogenase as an internal control. 

Animals. Male BALB/c mice at 10 weeks old were 

bought from the Animal Research Centre, Beijing, 

China. All animal studies were carried out following 

applicable regulations set out for the maintenance and 

usage of experimental animals (AKT/231_12/2020-1). 

In this experiment, mice were injected intravenously 

with a TDM oil-in-water emulsion. The PL was 

administered orally to mice at 50, 100, or 150 mg/kg b.w. 

for 4 or 7 days. Tween 80 at 5% was used as a control. 

Mice were euthanised and samples were examined  

4 or 7 days after the TDM challenge. 

Pulmonary granulomas were triggered by TDM 

administration. To intensify the immunomodulatory 

function, TDM was formulated as an oil-in-water 

emulsion. The freeze-dried TDM was crushed to 9 mL, 

then homogenised in 90 mL of phosphate buffered saline 

(PBS) vehicle with 2 mL of Tween 80. The emulsion 

comprised 8% mineral oil, 2% Tween 80 and 90% PBS. 

Mice were injected intravenously (IV) in the tail vein 

with 100 mL of emulsion containing 40 μg TDM. The 

mice were administered one of the three PL 

concentrations 50, 100 and 150 mg/kg b.w. for 3 to 6 

successive days from the next day after TDM 

stimulation. Oral dexamethasone at 0.5 mg/kg b.w. and 

2% Tween 80 were used as controls. Animals were 

sacrificed on days 4 and 7 after the TDM stimulation 

test. The weight of the lungs was measured, and lung 

weight indices were calculated as stated above (34). For 

haematoxylin and eosin (H&E) staining, the lungs were 

placed in 10% formalin. The right lobes were maintained 

using ice-cold saline and homogenised. Supernatants 

were obtained for the identification of cytokines and 

chemokines following centrifugation at 8,000 × g for 20 min. 

The lower right lobes were analysed using flow cytometry. 

Determination of concentrations of cytokines 

and chemokines. Assay kits (ELISA) were used to 

determine the concentrations of TNF-α, IL-10, IL-6, and 

IL-1β cytokines and CCL-2, CCL-5, CXCL-10 and 

keratinocyte-derived (KC) chemokines. 

Flow cytometry. The cells were obtained by 

trypsinisation with 0.35% trypsin-EDTA, followed by 

washing with ice-cold PBS blotting with lymphocyte 

function-associated antigen 1 (LFA-1) rat anti-mouse 

monoclonal antibody or IgG1 isotypic antibodies 

(Invitrogen, Thermo Fisher Scientific, USA) and 

complexed with goat anti-rat antibody to test the LFA-1 

and Mincle expression on murine alveolar macrophages. 

Cells were examined with a flow cytometer following  

a quick wash with PBS. The lower lung lobe was used 

to prepare a single-cell suspension for animal studies by 

slicing it into tiny pieces and centrifuged at 12,000 × g 

for 45 min at room temperature with a solution of 2 mg/mL 

Liberase Thermolysin Low (Sigma-Aldrich). The 

processed lungs were physically distorted by being 

passed across a sterile 60 μm strainer utilising the widest 

part of the plunger from a 2 mL syringe. Red blood cells 

were homogenised with 200 mM NH4Cl, 20 mM 

KHCO3 (20mM) and EDTA (0.2 mM). After washing 

with ice-cold PBS, the cells were isolated and retained 

in the same buffer, stained with allophycocyanin (APC)-

labelled lymphocyte antigen 6 complex locus G6D 

(LY6G) and fluoroisothiocyanate (FITC)-labelled anti-

CD11b, APC-labelled anti-CD16/32 and phycoerythrin 

(PE)-labelled anti-CCR3. The samples were evaluated 

using a cell analyser (BD FACSCalibur, Beijing, China). 

Measurement of intracellular phosphorylated 

signalling molecules by flow cytometry. MH-S cells 

stimulated by TDM were incubated for 30 min in a dark 

area at 37°C in a fixation buffer to identify intracellular 

phosphorylated signalling molecules. After centrifugation 

for 15 min at 8,000 rpm, a Perm Buffer III  

(BD Phosflow™, Beijing, China) permeabilised the 

cells for 30 min on ice. Cells were blotted with  

PE-conjugated anti-mouse or anti-human phospho-p38 

mitogen-activated protein kinase (MAPK) (Invitrogen, 

Thermo Fisher, USA), PE-conjugated anti-mouse or 

anti-human phosphorus-ERK1/2 (Invitrogen, Thermo 

Fisher, USA), eFluor660-conjugated anti-mouse or  

anti-human phosphorus-nuclear factor of kappa light 

polypeptide gene enhancer in B-cells inhibitor (Iκβ) 

antibodies or PE/eFluor660-conjugated isotypic 

antibodies (Invitrogen, Thermo Fisher, USA), followed 

by washing three times with PBS. Phosphorylated Syk 

staining was performed using rabbit anti-mouse Syk and 

FITC-conjugated goat anti-rabbit antibodies. The 

phosphorylated JNK-staining was performed using  

anti-mouse p-JNK and APC-conjugated goat anti-mouse 

antibodies. Cells were exposed for evaluation using  

a flow cytometric method after brief washing with PBS. 

Haematoxylin and eosin (H&E) staining. The 

biopsied lungs were set at 4°C with 10% formalin for  

72 h, washed with PBS, dried and paraffin fixed. H&E 

staining was carried out with ten 5 μm aliquots for 

evaluation of basic architecture and cell infiltration. 

Evaluation of PL mitigation of alveolar 

macrophage intracellular destruction by H37Rv 

strain of M. tuberculosis. Initially, the H37Rv strain of 

M. tuberculosis was cultivated at room temperature in 

Middlebrook 7H9 medium enriched with 10% 

dextrose/catalase/albumin for liquid growth and in 

Middlebrook 7H10 medium enriched with 10% 

dextrose/catalase/albumin/oleic acid for agar growth. 
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Log-phase bacteria were preserved at −80°C as a stock 

of glycerol (30%). Macrophages were infected with  

M. tuberculosis in an intracellular bacterial survival 

assay with rifampicin at 1 μg/mL concentration as the 

control in the absence or presence of PL treatment. After 

24 h, the cells were washed and homogenised for 10 min 

at room temperature in sterile water and then rinsed 

using a syringe. The lysed cells were dispersed onto 

Middlebrook 7H10 agar plates and incubated to 

establish the colony-forming units (CFU) at 37°C. 

Determination of Syk and ERK was by Western 

blot analysis. Radioimmunoprecipitation assay lysis 

buffer was employed for the collection of cells. To 

prevent protein degradation, protease and phosphatase 

inhibitors were added to the lysis buffer. After 

centrifugation at 20,000 × g for 15 min at 4°C, the 

supernatant was collected and the total proteins were 

determined with the BCA protein assay. The samples 

were then placed into each well, separated using 10% 

SDS polyacrylamide gels comprising 50 μg of protein, 

and placed onto the PVF membranes. The membrane 

was blocked in Tris-buffered saline containing 0.3% 

Tween 20 (TBS-T) and incubated with primary 

antibodies diluted with TBS-T with 0.2% Tween 

overnight in 5% BSA at 4°C. Anti-phosphorylated  

Syk, anti-total Syk antibodies, anti-ERK1/2 and  

anti-phospho-ERK1/2 antibodies were the primary 

antibodies. The membranes were rinsed with TBS-T and 

incubated with horseradish peroxidase-conjugated 

secondary anti-rabbit antibody at room temperature for 

2 h, which was diluted with 5% BSA into the TBS-T. 

After washing with TBS-T, the enhanced 

chemiluminescence method was used to visualise 

immune complexes. 

Statistical analysis. Statistical analyses were 

carried out using GraphPad Prism software, (Graph Pad, 

San Diego, CA, USA). One-way ANOVA was used to 

assess the differences between groups, which were 

deemed to be significant at a P value of <0.05. 

Results  

PL suppressed the release of pro-inflammatory 

chemokines and cytokines from TDM-stimulated lung 

macrophages. The MTT assay established non-cytotoxic 

effects in MH-S cells (Fig. 1) and the optimum of the 

three 5, 15 and 25 μg/mL doses of PL was selected. In 

all concentrations tested, cell viability following the PL 

treatment was greater than 97.5%. As shown in Figs 2a 

and 2b, PL treatment greatly decreased the secretion of 

CCL-2, CCL-5, CXCL-10, TNF-α, and IL-6 from TDM-

stimulated MH-S cells in a dose-dependent manner. 

PL weakened mycobacteria’s viability in 

macrophages. The antimicrobial activities of PL have 

been documented in previous studies (27, 32, 34), but 

the impact of PL on the antimicrobial properties of 

macrophages has not been assessed. The H37Rv 

intracellularly multiplying strain of M. tuberculosis was 

employed in this study. In this scenario, we treated  

M. tuberculosis H37Rv strain–infected macrophages 

with PL and evaluated intracellular bacterial endurance 

after 24 h. As illustrated in Fig. 3, M. tuberculosis 

survived markedly less well in macrophages when PL  

at 15 and 25 μg/mL was applied. Meanwhile, substantial 

impairment of M. tuberculosis strain survivability was 

also demonstrated using rifampicin (1 μg/mL),  

a frequently employed anti-TB drug. Taken together, 

these results indicated the suppression by PL of 

intracellular mycobacterial replication in macrophages. 

 

Fig. 1. Effect of piperlongumine (PL) on cell viability in MH-S  

(6 × 105) cells cultured for 48 h with and without PL (2.5–45 μg/mL). 

Dimethyl sulphoxide (DMSO) was used as internal reference for 

comparison. Data are expressed as mean ± SD and show no significant 
differences between DMSO and PL treated cells 

 

In TDM-stimulated MH-S cells, PL influenced the 

Mincle-Syk-ERK signalling pathway. Thus, we studied 

if PL affected the TDM-inducing MH-S activation 

involving intracellular signalling mechanisms. Flow 

cytometric analyses showed that TDM-triggered surface 

expression of Mincle was slightly inhibited by PL  

(Figs 4a–c). In addition, Mincle mRNA expression was 

substantially suppressed by PL at 25 μg/mL. The activity 

of Syk in TDM-activated MH-S cells was significantly 

reduced following treatment with PL at 15 and  

25 μg/mL. MH-S cells display elevated amounts of JNK, 

ERK and p38 phosphorylation of MAP kinase. 

Nevertheless, ERK phosphorylation was substantially 

inhibited by PL treatment at 5, 15 and 25μg/mL. 

Furthermore, no inhibition of Iκβ phosphorylation by PL 

treatment was observed; however, Iκβ phosphorylation 

was augmented by the stimulation of TDM. Western blot 

analysis demonstrated identical inhibitory effects of PL 

on Syk and ERK protein phosphorylation. Together, the 

findings showed that in alveolar macrophages, PL 

inhibited activation of the TDM-induced Mincle-Syk-

ERK signalling pathway (Figs 4a–c).   

PL diminished granulomatous lung inflammation caused 

by TDM. The formation of granulomas in mouse lungs 

has been documented to be attributed to IV administration of 

emulsified TDM to mice. As seen in Fig. 5, after the 

TDM challenge, tiny central clusters produced by cell 

aggregates were recorded from day 4. On day 7, the 

clusters were more dynamic. There were no major signs 

of inflammation or granuloma development with 5% 

Tween 80 after stimulation with TDM. The 

inflammation and granuloma caused by TDM were 

prevented by PL administration in a dose and time-

dependent manner (Fig. 5). Following treatment with  

50 and 100 mg/kg b.w. doses of PL for 7 days, virtually 
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no aggregation or granulomas were detected. The oral 

dosing of dexamethasone at 0.5 mg/kg greatly increased 

TDM-induced lung consolidation. As determined by the 

lung weight indices, TDM-induced inflammatory 

swelling of the lungs decreased markedly with PL  

at doses of 100 and 150 mg/kg b.w. for 4 and 7 days. 

In mice, the TDM-triggered release of pro-inflammatory 

chemokines and cytokines was suppressed by PL. Our  

in vitro analysis made it evident that PL inhibited the 

cytokines and pro-inflammatory cytokines. TDM 

activated mouse alveolar macrophage chemokines. The 

level of expression of TNF-alpha, IL-1β, -6, KC, CCL-2, 

CCL-5, and CXCL-10 was further investigated in TDM-

treated murine lung tissue. As shown in Fig. 6, when no 

other substances were administered, TDM greatly 

potentiated the secretion of these pro-inflammatory 

cytokines and chemokines after 4 and 7 days of 

application. Many of them were expressed to a fourfold 

greater extent in response to the TDM challenge. 

Nevertheless, with the effect of PL, all cytokines 

examined were inhibited without major variations on 

day 4 (Fig. 6). The chemokine amounts were also 

reduced, but only KC demonstrated a substantial 

decrease after treatment with PL at 100 and 150 mg/kg b.w. 

Conversely, from day 7, all cytokines measured 

excluding TNF-α showed a substantial decline at all 

three PL concentrations tested. Chemokine suppression 

was also found in TDM-stimulated PL-treated mice;  

PL treatment at 100 mg/kg b.w. displayed the most 

significant inhibitory outcomes in KC, CCL-2, and 

CCL-5 while the 50 mg/kg b.w. concentration was the 

most significant suppressor of CXCL-10. The level of 

IL-10 expression in the murine lungs after 6 days of 

treatment with PL was also evaluated. Figure 6 indicates 

that there was no apparent rise in IL-10 expression after 

the TDM challenge, and that PL also had no apparent 

impact on it. The suppressive effect of PL on pro-

inflammatory chemokines and cytokines expression was 

demonstrated by these findings. 

PL suppressed infiltration of macrophages and 

neutrophils in pulmonary TDM-treated mice. Various 

leukocytes were enumerated in the lungs to assess the 

impact of PL on cell infiltration in pulmonary 

granulomas. Flow cytometric determinations were 

performed on day 7 after the TDM challenge. As 

illustrated in Fig. 7, after 7 days of the TDM test, the 

numbers of macrophages and neutrophils were 

substantially elevated. Upon TDM stimulation, 

macrophage and neutrophil numbers increased 3.07- and 

2.13-fold, respectively. However, the aggregation of 

macrophages in the lungs of TDM-challenged mice was 

inhibited in all cases without substantial variations 

following oral administration of PL at different 

concentrations. Furthermore, PL at 200 and 300 mg/kg b.w. 

greatly decreased the number of infiltrating mouse lung 

neutrophils. A previous study showed that by triggering 

macrophages, eosinophils can worsen the course of 

mycobacterial infection (43). We found that after the 

TDM challenge, the number of eosinophils in the lungs 

increased significantly, and no apparent inhibition of 

eosinophils was noticed at any tested concentration of 

PL (Fig. 7). In line with a previous study (44), 

macrophages were the most prevalent form of leukocyte 

in TDM-stimulated murine lung tissue and were 

approximately 3 and 10 times more abundant than 

neutrophils and eosinophils, respectively (Fig. 7). These 

observations collectively indicate that the administration 

of PL inhibited the recruitment of leukocytes and 

particularly macrophages and neutrophils into mouse 

lung granulomas induced by TDM. 

 
Fig. 2a. In vitro effects of piperlongumine (PL) on the inhibition production 

of TNF-α and IL-6 in trehalose 6,6-dimycolate (TDM)-activated MH-S 
cells. Data are expressed as mean ± SD of three experiments.  

DMSO – dimethyl sulphoxide; P1 – PL at 5 μg/mL; P2 – PL at 15 μg/mL; 

P3 – PL at 25 μg/mL; DEX – dexamethasone; ns – non-significant,  
P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001 vs TDM-treated group 
 

 
 

 
Fig. 2b. In vitro effects of piperlongumine (PL) on the inhibition of production of C-C motif chemokine ligand 2 (CCL-2), C-C motif chemokine 

ligand 10 (CXCL-10), C-C motif chemokine ligand 5 (CCL-5) and keratinocyte-derived chemokine (KC) in trehalose 6,6-dimycolate (TDM)-
activated MH-S cells. Data are expressed as mean ± SD of three experiments. DMSO – dimethyl sulphoxide; P1 – PL 5 μg/mL; P2 – PL 15 μg/mL; 

P3 – PL 25 μg/mL; DEX – dexamethasone; ns – non-significant, P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001 vs TDM-treated group 
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Fig. 3. Enhancing effect of piperlongumine (PL) on the clearance of mycobacterium from 
alveolar macrophages. Data are expressed as mean ± SD of three experiments. TDM – 

trehalose-6,6-dimycolate; DMSO – dimethyl sulphoxide; P1 – PL at 5 μg/mL; P2 – PL  

at 15 μg/mL; P3 – PL at 25 μg/mL; DEX – dexamethasone; ns – non-significant, P > 0.05; 
** P < 0.01; *** P < 0.001 vs M. tuberculosis H37Rv strain infection group 

 

 
Fig. 4a. The effect of piperlongumine (PL) on the Mincle-Syk-ERK signalling pathway in trehalose 6,6-dimycolate (TDM)-activated MH-S cells. 

A) Quantification of surface Mincle expression on MH-S cells. B) Mincle mRNA expression from MH-S cells analysed using RT-PCR. Values are 

represented as a fold of shift relative to non-stimulated and non-treated controls. Data are expressed as mean ± SD of three experiments. DMSO – 
dimethyl sulphoxide; P1 – PL at 50 mg/mL; P2 – PL at 100 mg/mL; P3 – PL at 150 mg/mL; DEX – dexamethasone; ns – non-significant, P > 0.05; 

* P < 0.05; ** P < 0.01; *** P < 0.001 vs TDM-treated group 

 

 
Fig. 4b. The effect of piperlongumine (PL) on the Mincle-Syk-ERK signalling pathway in trehalose 6,6-dimycolate (TDM)-activated MH-S cells. 

Data are expressed as mean ± SD of three experiments. A) Intracellular levels of phosphorylated Syk. B) Phosphorylated JNK. C) Phosphorylated 

ERK. P1 – PL at 50 mg/mL; P2 – PL at 100 mg/mL; P3 – PL at 150 mg/mL; DEX – dexamethasone; ns – non-significant, P > 0.05; * P <0.05; ** 
P < 0.01; *** P < 0.001 vs TDM-treated group 
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Fig. 4c. The effect of piperlongumine (PL) on the Mincle-Syk-ERK signalling pathway in trehalose 6,6-dimycolate (TDM)-activated MH-S cells. 

Data are expressed as mean ± SD of three experiments. A) Phosphorylated p38 mitogen-activated protein kinase (MAPK). B) Phosphorylated 
nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor (Iκβ). P1 – PL at 50 mg/mL; P2 – PL at 100 mg/mL; P3 – PL  

at 150 mg/mL; DEX – dexamethasone; ns – non-significant, P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001 vs TDM treated group 

 

 
Fig. 5. Diminution by piperlongumine of trehalose 6,6-dimycolate (TDM)-stimulated pulmonary granulomatous inflammation in BALB/c mice. 
Data are expressed as mean ± SD of three experiments. A) Haematoxylin and eosin-stained granulomatous response in BALB/c mice after  

4–7 days of piperlongumine (PL) treatment after TDM challenge. B) Inflammatory intensity level in lungs removed from TDM-challenged mice 

on days 4 and 7. P1 – PL at 50 mg/mL; P2 – PL at 100 mg/mL; P3 – PL at 150 mg/mL; DEX – dexamethasone; ns – non-significant, P > 0.05;  
* P < 0.05; ** P < 0.01; *** P <0.001 vs TDM-treated group 

 

 
 

Fig. 6. Effect of piperlongumine on trehalose 6,6-dimycolate (TDM)-stimulated pulmonary granulomatous inflammation in BALB/c mice. Data 
are expressed as mean ± SD of three experiments. Graphs show production of tumour necrosis factor alpha (TNF-α), interleukin 6 (IL-6), interleukin 10 (IL-10), 

keratinocyte-derived cytokine (KC), C-C motif chemokine ligand 5 (CCL-5), C-C motif chemokine ligand 10 (CXCL-10) and C-C motif chemokine 

ligand 2 (CCL-2) in pulmonary homogenates after 4 and 7 days of TDM stimulation with or without piperlongumine (PL) treatment. P1 – PL  
at 50 mg/mL; P2 – PL at 100 mg/mL; P3 – PL at 150 mg/mL; DEX – dexamethasone; ns – non-significant, P > 0.05; * P < 0.05; ** P < 0.01;  

*** P < 0.001 vs TDM-treated group 
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Fig. 7. Inhibition by piperlongumine (PL) of leukocyte infiltration in trehalose 6,6-dimycolate (TDM)-stimulated pulmonary granulomatous 
inflammation in BALB/c mice. Data are expressed as mean ± SD of three experiments. A) CD11b+ Ly6G−macrophages. B) CD11b+ lymphocyte 

antigen 6 complex locus G6D (Ly6G+)–neutrophils. C) chemokine receptor type 3 (CCR3)+ CD16/32−eosinophils. Bar charts represent 

quantitative measurement of positively stained cells. P1 – PL at 50 mg/mL; P2 – PL at 100 mg/mL; P3 – PL at 150 mg/mL; DEX – dexamethasone; 
ns – non-significant, P > 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001 vs TDM-treated group  

 
Discussion  

Inflammation and continued production of granulomas 

is the basis of an effective and adequate host immune 

response to evasive mycobacterial infection (43). 

Extreme granuloma-triggered inflammation, however, is 

still the major source of damaging pulmonary injury (2). 

A promising solution to the treatment of TB is known to 

address the production of inflammatory mediators.  

A variety of clinical studies utilising anti-inflammatory 

medication in combination with chemotherapeutic drugs 

found this modality to have accelerated MTB clearance 

and improved therapeutic effects (38). Herbal  

medicines have also been widely supportive of the 

immunomodulatory function in the additional treatment 

of TB. Previous research has shown that PL is  

anti-inflammatory and antibacterial. Nonetheless, PL’s 

anti-inflammatory and antibacterial effects and their 

mechanisms, particularly in tuberculous granulomas 

have not been investigated. In the present research, we 

illustrated the immune modulatory function of PL in 

inflammation induced by TDM to mimic the 

granulomatous inflammation arising in TB. Piperlongumine 

effectively inhibited the activation of murine alveolar 

macrophages responding to TDM by suppressing the 

Mincle-Syk-ERK signalling pathway. 

Furthermore, treatment with PL decreased mouse 

lung inflammation and inflammatory cell invasion, thus 

alleviating TDM-induced lung injuries. The function of 

alveolar macrophages against tuberculosis and in the 

production of granulomas is crucial. Pattern recognition 

receptors for MTB are sensed by the macrophages, and 

their detection triggers enhanced cytokine output, 

inflammatory response, and consequently granuloma 

development. Our findings demonstrated that TDM 

mediated the synthesis and production of inflammatory 

chemokines and cytokines via macrophages, in 

agreement with an earlier report (39). Without inducing 

cytotoxicity, PL substantially inhibited the production of 

cytokines and chemokines (Figs 1 and 2). Lung epithelial 

cells that are active in the removal of pathogens are often 

important for the preservation of the mucous membranes 

because they modify the function of pulmonary 

macrophages. The current study demonstrated that PL 

suppressed TDM-stimulated macrophages through the 

pro-inflammatory chemokine and cytokine release (Fig. 2). 

However, the production of pro-inflammatory 

mediators can also be suppressed by dexamethasone. 

Different pathways may be exploited by PL to those of 

dexamethasone. Some diffusible mediators produced by 

lung alveolae may be influenced by PL. In addition to its 

effectiveness in suppressing chemokines and cytokines 

in pulmonary macrophages, PL’s action when 

administered at 15 and 25 μg/mL greatly inhibited the 

development of CCL-2 macrophage chemokines. 

Furthermore, it substantially reduced the LFA-1 expression 

on the surfaces of TDM-activated MH-S cells (44). 

These results indicate that PL will effectively 

inhibit TDM-mediated alveolar macrophages, possibly 

by influencing the secretion and expression of CCL-2 in 

MH-S cells through its effect on LFA-1. Heat-

inactivated BCG was used for the activation of 

pulmonary macrophages to additionally examine the 

impact of PL in vitro on TB-mediated inflammation. In 

BCG-activated macrophages, PL administration inhibited 

the pro-inflammatory cytokine and chemokine 

expression. Dexamethasone, however, effectively 

reduced chemokine and cytokine release in macrophages 

regardless of culture processes. PL also inhibited LFA-1 

expression and CCL-2 release in BCG-enabled 

macrophages, leading to the suppression of macrophage 

migration. An intracellularly-growing M. tuberculosis 

strain H37Rv was used to determine whether PL 

impaired the antimicrobial activities of macrophages, but 

PL in fact potentiated the destruction of bacteria in 

macrophages. These findings demonstrate the in vitro 

anti-intracellular and anti-inflammatory effects of PL 

against mycobacteria. 

It was reported in earlier studies that the C-type 

lectin receptor Mincle is the dynamic receptor for the 

action of TDM (35, 36). Mincle is expressed in 

macrophages and is therefore not controlled by TDM 

stimulation (37). Through its involvement, Syk 

signalling plays a key role in the stimulation of innate 

immune cells induced by TDM (38). Syk 

phosphorylation subsequently activates the signalling of 
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MAP, which has pro-inflammatory outcomes (39, 40). 

Syk, in the pathway with Mincle and along with those of 

NF-kβ and MAPK, was suggested to have a significant 

role in granulomatous inflammation as an intracellular 

signalling mechanism associated with TDM-mediated 

transduction of adhesion molecules and escalation of 

pro-inflammatory chemokine and cytokine secretion (45, 

46). The NF-kβ protein complex has also been noted as 

significant in triggering TDM-mediated inflammation in 

other studies (41). Our findings demonstrated that 

Mincle expression was intensified by TDM stimulation, 

thus indicating that its surface expression and the amount 

of mRNA were inhibited by treatment with PL. 

Following TDM stimulation, the Syk and MAPK kinases 

JNK, ERK and p38 were the upregulated downstream 

Mincle molecules. However, the phosphorylation of Syk 

and ERK was only greatly suppressed by PL and was not 

by dexamethasone. This is the first research 

demonstrating the suppressive impact of PL in TDM-

activated macrophages on Mincle expression and Syk 

phosphorylation. Our research also found that in murine 

alveolar macrophages, TDM could trigger NF-signalling.  

PL had no obvious inhibitory action on the 

phosphorylation of Iκβ, unlike dexamethasone. 

Our findings showed that the Mincle-Syk-ERK 

signalling system in TDM-stimulated alveolar 

macrophages was efficiently suppressed by PL. The in vivo 

studies involving the mouse model of granulomatous 

inflammation caused by TDM revealed that PL 

administration increased this inflammation. The pepper 

extract inhibited the development of pro-inflammatory 

cytokines, the formation of pulmonary granuloma and 

the inflammation caused by TDM. After 7 days of 

therapy with a higher dose (150 mg/kg b.w.), suppression 

was quite successful, with the amount and volume of 

pulmonary granulomas steadily rising and being 

progressively resolved (42). Consequently, TDM-treated 

mice can constitute an effective in vivo model for the 

investigation of granuloma-linked inflammation. 

Our findings also revealed that the IL-10 related 

anti-inflammatory effect was not substantially impaired 

by TDM activation and treatment with PL. We found  

a decline in the recruitment of immune cells to reduce the 

level of lung damage. In agreement with an earlier report 

(46), macrophages were the main component of the 

invading cells forming granulomas, and neutrophils were 

present in substantially increased numbers following 

TDM stimulation. However, PL treatment reduced 

infiltrating neutrophils and macrophages, but not 

eosinophils. Piperlongumine demonstrated more efficient 

repression of invasion by neutrophils, suggesting a unique 

function for it against granulomatous inflammation. Our 

analysis, therefore, indicated that PL mitigated this 

inflammation caused by TDM in mice without showing 

harmful actions. The results indicate significant anti-

inflammatory activity of PL in tuberculosis. 

In summary, using a TDM-triggered murine alveolar 

inflammation model, the study showed that PL effectively 

suppressed in vitro inflammatory macrophage responses 

by inhibiting the Mincle-Syk-ERK signalling pathway. 

Furthermore, therapeutic effects of PL on pulmonary 

granulomatous inflammation in mice were also observed, 

implying its utility as adjuvant therapy complementary to 

antibiotics in the treatment of TB patients. 
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