
Original Article
Mechanism of Dihydroartemisinin in activating macrophages to enhance 
host resistance to malaria
Xin Li a,b,1, Qilong Li a,b,1 , Ning Jiang a,b,1, Kexin Zheng a,b,  
Yiwei Zhang a,b, Xiaoyu Sang a,b, Ying Feng a,b, Ran Chen a,b, Qijun Chen a,b,*

a Key Laboratory of Livestock Infectious Diseases, Ministry of Education, and Key Laboratory of Ruminant Infectious Disease Prevention and Control (East), Ministry of 
Agriculture and Rural Affairs, College of Animal Science and Veterinary Medicine, Shenyang Agricultural University, 120 Dongling Road, Shenyang 110866, PR China
b Research Unit for Pathogenic Mechanisms of Zoonotic Parasites, Chinese Academy of Medical Sciences, 120 Dongling Road, Shenyang 110866, PR China

A R T I C L E  I N F O

Keywords:
Dihydroartemisinin
Immunoregulation
Macrophage
Malaria
Plasmodium

A B S T R A C T

Background: The property of dihydroartemisinin (DHA) in promoting host immunohomeostasis, apart from its 
potent antimalarial activity, has been well-recognized. However, the mechanism of DHA in activating macro-
phages to enhance host resistance to malaria remains unexplored.
Purpose: This study investigated the molecular mechanism by which DHA promotes the polarization of macro-
phages toward the M1 phenotype during the treatment of malaria.
Methods: The mouse macrophage cell line RAW 264.7 or the macrophages isolated from mice were stimulated 
with Plasmodium berghei ANKA infected red blood cells (iRBC) in the presence of DHA. The macrophage phe-
notypes in both in vivo and in vitro were determined using cytometric bead array and 昀氀ow cytometry. To dissect 
the molecular mechanisms underlying macrophage responses to DHA, we initially pro昀椀led the expression of 90 
genes associated with innate immunity, including the entire NLR family, in macrophages stimulated with DHA. 
This targeted screen strikingly revealed that only Nlrp12 was signi昀椀cantly upregulated among all tested NLR 
genes. The function of Nlrp12 was further dissected by Nlrp12 knockdown in macrophages with recombinant 
lentiviruses encoding Nlrp12-speci昀椀c shRNA, within the context of DHA treatment. To comprehensively de昀椀ne 
the molecular consequences of Nlrp12 de昀椀ciency, we performed an integrated analysis by combining single-cell 
RNA sequencing with label-free quantitative proteomic pro昀椀ling. This allowed us to systematically characterize 
the complex transcriptomic and proteomic dynamics in DHA-treated macrophages upon Nlrp12 deletion.
Results: DHA induced macrophage polarization to M1 phenotype and enhanced phagocytosis by up-regulating 
the expression of NLRP12. Nlrp12-knockdown in macrophages reduced the expression of M1 type-associated 
genes, resulting in a signi昀椀cantly increased expression of the translocator protein (TSPO), which suppressed 
the secretion of in昀氀ammation-associated cytokines and blunting macrophage M1 polarization. The results of 
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single cell RNA sequencing further revealed that DHA promoted the conversion of classical M1 macrophages into 
lipocalin-2 (Lcn2) high M1 macrophages.
Conclusion: The activation of NLRP12 induced by DHA is crucial for M1 macrophage polarization, which plays a 
signi昀椀cant role in the clearance of Plasmodium parasites.

Introduction

In 2022, an estimated 249 million clinical malaria cases and 608,000 
malaria-related deaths were reported worldwide (Venkatesan, 2024). 
One of the typical clinical symptoms of malarial attacks is undulant 
fever, which is the result of excessive cytokine release from immune 
cells, including interleukin-1 beta (IL-1β), tumor necrosis factor-α 

(TNF-α), and IL-12 (Gazzinelli et al., 2014). High levels of IL-1β 

chemotactically direct macrophages to the site of in昀氀ammation, which 
subsequently release more IL-1β, being strongly associated with disease 
severity and death (Caronni et al., 2023). In malaria, the Plasmodium 
parasite can drive macrophage differentiation toward M2 phenotype, 
rather than M1 phenotype, which is closely associated with parasite 
escape from immune clearance (Kapralov et al., 2020).

Artemisinin-based combination therapy (ACT) remains an effective 
approach in malaria treatment (Venkatesan, 2024) with dihy-
droartemisinin (DHA)-piperaquine as the most used ACT (Wallender 
et al., 2021). DHA can directly kill Plasmodium parasites both in vivo and 
in vitro (Asahi et al., 2023; Gibbons et al., 2007). In addition to its 
antimalarial effect, DHA has been shown to promote T cell activity, 
suppress Th2 responses and M2-type marker expression on macrophages 
(Li et al., 2022). However, the underlying molecular mechanism remains 
unclear.

In昀氀ammasomes are polyprotein complexes that are formed in the 
cytoplasm of macrophages in response to microbial molecules or stress 
signals. These complexes include pattern recognition receptors (PRRs), 
adapters, and in昀氀ammatory caspases (Schroder and Tschopp, 2010). 
During Plasmodium infection, macrophages sense their surroundings 
through PRRs that detect Plasmodium-speci昀椀c pathogen-associated mo-
lecular patterns (PAMPs), such as pigments, which are by-products of 
hemoglobulin metabolism during intraerythrocytic development of 
Plasmodium parasites. This detection initiates in昀氀ammasome assembly, 
leading to the release of various in昀氀ammatory mediators (Coban et al., 
2005). In昀氀ammasome activation involves the activation of caspase-1 
and the production of mature IL-1β and IL-18, which can trigger 
in昀氀ammation and cell death (Guo et al., 2015). Haemozoin is crucial for 
activating the NOD-, LRR- and pyrin domain-containing protein 3 
(NLRP3), absent in melanoma 2 (AIM2), and type I interferon responses 
(Kalantari et al., 2014). Thus, targeting NLRP3 and AIM2 in昀氀ammasome 
activity may offer therapeutic bene昀椀ts (Kalantari et al., 2014). Plasmo-
dium DNAs can also trigger the assembly of the in昀氀ammasome including 
the apoptosis-associated speck-like protein containing a caspase 
recruitment domain (CARD), NLRP3, and NLRP12, which results in 
caspase-1 activation and subsequent production of IL-1β following sec-
ondary activation of Toll-like receptors (Pereira et al., 2020). Addi-
tionally, previous studies indicated that elevated expression of the 
in昀氀ammasome NLRP3 in macrophages promotes M1 polarization, while 
inhibition of NLRP3 led to polarization toward the M2 phenotype (Jiao 
et al., 2021; Liu et al., 2021). It is, however, unknown whether DHA 
treatment in malaria patients will in昀氀uence NLRPs expression and the 
fate of macrophages.

Materials and methods

Medication preparation

For experiments in vivo, 0.15 g of carboxymethyl cellulose (CMC, 
Solarbio Company, Beijing, China, Catalog No 9004–32–4) was dis-
solved in 30 ml of warm distilled water. When the temperature of the 

solution reaches 25 çC, 0.3 g DHA (Aladdin Biochemical Technology Co. 
Ld, China, Catalog No 3000,518, ~98 % purity) was added to the CMC 
solution, followed by stirring for 24 h in dark as described (Li et al., 
2022). CMC without DHA was used as solvent control.

For experiments in vitro, 28.4 mg of DHA was added to 10 ml of 
ethanol (Tianjin Zhongtian Chemical Co., Ltd., Tianjin, China, CAS 
No.64–17–5), and after it was fully dissolved, 10 μl of the solution was 
added to 990 μl of phosphate-buffered saline (PBS) to make a 100 μM 
DHA solution. In the control group,10 μl of ethanol solution was added 
to 990 μl of PBS to make 170 μM ethanol solution.

Animals

Female C57BL/6 mice (n = 120), aged 6 to 8 weeks, were purchased 
from Liaoning Chang Sheng Biological Technology Company (Benxi, 
Liaoning, China) and maintained in a speci昀椀c pathogen-free facility with 
free access to food and water. All procedures involving experimental 
animals were conducted following the Animal Husbandry Guidelines of 
Shenyang Agricultural University, and all animal experiments were 
approved by the ethics committee of Shenyang Agricultural University 
(Ethical Clearance Permission No SYXK < Liao>2021–0010).

Passage of blood-stage Plasmodium berghei ANKA

The parasite P. berghei ANKA strain was maintained by frequent 
infection in C57/BL6 mice. Brie昀氀y, mice were inoculated intraperito-
neally with 0.2 ml of infected blood. Three days after the 昀椀rst infection, 
the parasitemia was counted after staining with 10 % Giemsa stain 
(Beyotime, Shanghai, China, C0133–100 ml) for 15 min at room tem-
perature. The parasitemia was monitored daily via microscopy.

Cultivation of murine macrophages and the human embryonic kidney 
293T cell line

Murine-derived macrophage cells (RAW264.7) were cultured in 
RPMI-1640 medium (HyClone, Waltham, MA, USA, SH30255.01), and 
the human embryonic kidney 293T cells were cultured in Minimum 
Essential Medium (HyClone, SH30024.01). Both media were supple-
mented with 10 % fetal bovine serum (FBS; Gibco, Grand Island, NY, 
USA, 10099141C) and 0.5 % Penicillin-Streptomycin Solution (100X) 
(Beyotime, C0222). Brie昀氀y, the frozen cells were thawed in a 37 çC 
water bath, inoculated into 6-cm culture dishes, and cultured overnight. 
The non-adherent cells were washed away with medium. The cell cul-
tures were maintained until 80 % con昀氀uency. The cultures were regu-
larly tested for free of mycoplasma contamination.

Detection of macrophage phagocytosis

RAW264.7 cells were cultured on coverslips in the wells of culture 
plates as described in the previous section. Infected red blood cells 
(iRBC) were separated from the peripheral blood of P. berghei ANKA- 
Infected mice using Percoll density gradient centrifugation and resus-
pended in RPMI-1640 medium.

RAW264.7 cells were seeded onto cell-coated coverslips and cultured 
in 6-well plates as above. The cells were divided into the following 
groups (n = 3 biological replicates per group, as illustrated in Supple-
mentary Fig. 1): (i) LPS: To induce M1 polarization, RAW264.7 cells 
were stimulated with LPS (100 ng/ml; Sigma-Aldrich, Cat# L2880) for 4 
h following established protocols, serving as the positive control for M1 
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macrophage characterization (Orecchioni et al., 2019); (ii) Negative 
Control: RAW264.7 cells were incubated with 2 × 106 iRBCs for 24 h 
with DHA solvent; and (iii) DHA Treatment Groups: RAW264.7 cells 
were co-incubated with 2 × 106 iRBCs for 12 h and then incubated with 
DHA (200, 700 or 1600 nM) for 12 h. After that, iRBCs that did not 
adhere 昀椀rmly to the RAW264.7 cells were washed away with PBS.

To further test the phagocytic effect of polarized M1 type macro-
phages after DHA treatment, the RAW264.7 cells in all groups were 
stained with 5 μM 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO, 
Beyotime, C1993S) for 1 h. Meanwhile, 1 × 105 iRBCs, which had also 
been stained with 700 ng/ml dihydroethidium (DHE, Beyotime, S0063) 
for 1 h, were added to each group and incubated for 30 min. After that, 
iRBCs that did not adhere 昀椀rmly to the RAW264.7 cells were washed 
away with PBS. Phagocytosed iRBCs were observed via a Spinning Disk 
Confocal and Structured Illumination joint Super-Resolution Microscope 
(SIM-ultimate, CSR Biotech Co., Ltd., Guangzhou; China).

PCR array screening of differentially expressed NLRPs

RAW264.7 cells incubated with 2 × 106 iRBCs for 24 h and that 昀椀rst 
incubated with 2 × 106 iRBCs for 12 h and then incubated with 700 nM 
DHA for 12 h were lysed on ice with 1 ml TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA, 15,596,018), mixed with 0.2 ml of chloroform (Fuyu 
Chemical, Tianjin, China, 67–66–3). The mixture was shaken vigor-
ously, allowed to stand at 25 çC for 10 min, and centrifuged at 12,000 g 
for 10 min at 4 çC. The water phase from each tube was aspirated and 
mixed with 0.5 ml of isopropanol (Fuyu Chemical, 67–63–0). The 
samples were allowed to stand at 25 çC for 10 min, followed by 
centrifugation at 12,000 g for 10 min at 4 çC. After removing the su-
pernatant, the RNA pellets were washed twice with 75 % ethanol. The 
mRNAs were reverse-transcribed into cDNAs using a 昀椀rst-strand cDNA 
synthesis kit (Takara, Tokyo, Japan, 6210A). To determine the tran-
scription levels of the 90 NLRPs, in昀氀ammasome PCR Array plates 
(Wcgene Biotech, Shanghai, China, WC-MRNA0078-M) were employed 
according to the manufacturer’s protocols and subsequently veri昀椀ed via 
qPCR.

Construction of recombinant lentiviruses expressing NLRP12-speci昀椀c 
shRNA

Three siRNA sequences including mNLRP12 si-1 to 3, targeting the 
mRNA transcript of mouse Nlrp12 gene (GenBank Accession Number 
NM_001033431.1) were designed (Supplementary Table 1) and pre-
liminarily tested for their inhibitory effect on Nlrp12 expression. The 
sequence of mNLRP12 si-3 was eventually selected for further experi-
ments. The shRNA cassette and its complementary strand were designed 
containing AgeI and EcoRI restriction sites (Supplementary Table 1). The 
shRNA-sequence was inserted into the pLKO.1-LUC-Puro lentiviral 
vector (Pavibio, Wuhan, China) to construct the recombinant vector 
pLKO.1-LUC- puromycin-Nlrp12-shRNA. The accuracy of the recombi-
nant vector sequence was determined by sequencing. The recombinant 
lentiviruses with the mNLRP12 si-3 targeting sequence and the negative 
control lentivirus without NLRP12 insert were termed shNlrp12 and 
shCtrl, respectively. A mixture of shNlrp12 and the packaging plasmid 
pHelper 1 (Hunan Fenghui Biotechnology Co., Ltd, Hunan, China, 
BR417) or shCtrl and the packaging plasmid pHelper 1 was respectively 
dissolved in serum-free RPMI-1640 medium with Lipofectamine 3000 
(Invitrogen, L3000001) and co-transfected into the 293T cells. Puro-
mycin with 3 μg/ml 昀椀nal concentration was added to the culture 48 h 
after transfection, and culture was continued for 72 h. The recombinant 
lentivirus titers were tested and set to 2 × 108 titer units (TUs)/ml.

shRNA-mediated Nlrp12 knockdown in RAW264.7 cells and mice

RAW264.7 cells were cultivated as described above. When the cell 
con昀氀uency reached 50–60 %, the recombinant lentiviruses, shNlrp12 

and shCtrl, were respectively added to the cells in culture plates (mul-
tiplicities of infection=40 and 10, respectively) for 24 h before being 
removed and medium replaced. Lentivirus-infected cells were selected 
by the addition of the medium containing 500 ng/ml puromycin for 7 
days.

For shRNA mediated Nlrp12 knockdown in mice, the recombinant 
lentiviruses, shNlrp12 and shCtrl (1 × 107 TU/ per mouse), were injected 
into mice (n = 8 per group) via the tail vein. The expression of Nlrp12 in 
the splenic cells of the mice were validated by qRT-PCR.

shRNA-mediated overexpression of the TSPO gene in RAW264.7 cells

A recombinant lentivirus that can over-express Tspo (designated 
Tspo-EO) and the control virus (designated Ctrl-EO) were purchased 
from HaiXing Bio, Suzhou, China. The RAW264.7 macrophages at 50–60 
% con昀氀uence were inoculated with the Tspo-EO or Ctrl-EO recombinant 
lentiviruses at a multiplicity of infection (MOI) of 100. Following a 24- 
hour incubation, the medium was removed and replaced with fresh 
complete culture medium. Transfected cells were subsequently selected 
by culturing in a medium containing 500 ng/ml puromycin for 7 days.

Detection of macrophage polarization in vivo and in vitro by 昀氀ow 
cytometry

RAW264.7 cells were divided into eleven experimental groups, as 
follows: (i) Negative control group: RAW264.7 cells treated with 170 μM 
ethanol solution for 12 h; (ii) LPS group: RAW264.7 cells incubated with 
100 ng/ml LPS for 4 h to induce macrophage activation; (iii) iRBC 
group: RAW264.7 cells were incubated with P. berghei iRBCs 
(RAW264.7:iRBC=1:10) for 24 h; (iv) iRBC+DHA group: RAW264.7 
cells were incubated with iRBCs for 12 h before addition of DHA (200, 
700 or 1600 nM) to each well and continuing cultivation for 12 h; (v) 
shNlrp12 + iRBC + DHA group: RAW264.7 cells infected with shNlrp12 
lentivirus, incubated with iRBCs for 12 h, then treated with 700 nM DHA 
for 12 h; (vi) shCtrl + iRBC + DHA group: RAW264.7 cells infected with 
shCtrl lentivirus, incubated with iRBCs for 12 h, then treated with 700 
nM DHA for 12 h; (vii) DHA group: RAW264.7 cells respectively treated 
with DHA at concentrations of 200, 500, 700, 900, and 1600 nM, or 170 
μM ethanol, or complete RPMI-1640 medium for 12 h; (viii) shNlrp12 +
DHA + inhibit-TSPO group: RAW264.7 cells infected with shNlrp12 
lentivirus, treated with 700 nM DHA for 12 h, then incubated with TSPO 
inhibitor (ONO-2952, MedChemExpress, Monmouth Junction, NJ, USA) 
for 2 h; (viiii) shNlrp12 + DHA control group: RAW264.7 cells infected 
with shNlrp12 lentivirus, treated with 700 nM DHA for 12 h; (x) Tspo- 
EO group: RAW264.7 cells infected with Tspo-EO lentivirus, treated 
with 700 nM DHA for 12 h; (xi) Ctrl-EO group: RAW264.7 cells infected 
with Ctrl-EO lentivirus, treated with 700 nM DHA for 12 h.

For analysis of the effect of DHA on macrophage phenotype shift, 
cells from the above eleven groups were de-attached from the wells and 
diluted into 1 × 107 cells/ml. About 1 × 106 cells in each group were 
pre-incubated with a puri昀椀ed anti-mouse CD16/32 (BioLegend, San 
Diego, CA, USA, 101,310) at 4 çC for 15 min to block nonspeci昀椀c 
immunoglobulin binding to the Fc receptors. M1 macrophages were 
determined by respectively incubation with surface marker speci昀椀c 
antibodies including anti-CD45, anti-CD11b, anti-F4/80 and anti-CD86 
(Supplementary Table 2) at 4 çC for 30 min, followed by incubation with 
昀氀uorophore-conjugated secondary antibodies (Supplementary Table 2). 
For determination of M2 macrophages, the cells were, at the 昀椀rst step, 
stained with the anti-CD45, anti-CD11b and anti-F4/80 antibodies in a 
same way as that for M1 type determination, followed by 昀椀xation, 
permeabilized with Cyto-Fast Fix/Perm Buffer (BioLegend), and stained 
with the anti-CD206 antibody, which were further incubated with a 
昀氀uorophore-conjugated secondary antibody (Supplementary Table 2). 
The samples were analyzed using a 昀氀uorescence-activated cell sorting 
Aria III 昀氀ow cytometer (BD Biosciences, San Jose, CA, USA).

To detect the macrophage polarization in vivo, splenic cells were 
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collected from seven mouse groups (n = 8 per group) as follows: (i) DHA 
treatment post-infection group: Mice were infected with P. berghei ANKA 
for 12 h, followed by orally administration with 2 mg DHA for 2 days; 
(ii) Vehicle control (Healthy + CMC) group: healthy mice received CMC 
treatment with the same volume of that of DHA; (iii) DHA treatment 
(Healthy) group: Healthy mice only treated with the same amount of 
DHA as above; (iv) Infection control group: P. berghei ANKA-infected 

mice received the same volume of CMC treatment as that of DHA; (v) 
shNlrp12 lentivirus infection group: Mice were intravenously injected 
with the recombinant shNlrp12 lentiviruses; (vi) shCtrl lentivirus 
infection group: Mice were injected with the shCtrl control viruses. (vii) 
LPS treatment group: Mice were injected intraperitoneally with 20 mg/ 
ml of LPS, and the experiment was conducted 24 h later. The dosage of 
DHA was determined based on previous study (Zhang et al., 2020).

Fig. 1. DHA drives M1 polarization and phagocytosis of macrophages (A) Fluorescent labelled of iRBCs (red) phagocytosed by macrophages in different treatment 
groups. (B, C) Polarization of macrophages toward M1 and M2 phenotypes in different treatment groups. (D, E) In vivo analysis of macrophage polarization toward 
M1 and M2 phenotypes in mice after DHA treatment relative to the LPS or the untreated controls. Data represent the mean ± S.E.M., n g 3. DHA, dihydroartemisinin; 
DHE, dihydroethidium; DiO, dioctadecyloxacarbocyanine perchlorate; iRBC, infected red blood cells; LPS, Lipopolysaccharide.
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After treatment, the splenic cells in all groups were processed 
through a 70-µm cell strainer and RBCs were removed using the red 
blood cell lysis buffer (BioLegend, Cat. No 420,301) to prepare single- 
cell suspensions. The experimental procedure for detection of macro-
phage polarization was the same as that with the cultivated cell lines 
described above.

Single-cell RNA sequencing

M1 macrophages separated from RAW264.7 cells following treat-
ment with 700 nM DHA and the ethanol solvent control groups were 
subjected to trypan blue staining at a ratio of 9:1. Cell counting was 
performed using a conventional optical microscope and a hemocytom-
eter, ensuring a viability of over 90 % and a cell concentration of at least 
1000 cells/μl. Single-cell RNA-seq libraries were prepared using 10x 
Genomics v3.1 chemistry according to standard protocols. Initially, the 
kits were utilized to generate a single-cell Gel Beads-in-Emulsion (GEM), 
followed by post-GEM-RT cleanup, barcoding, cDNA ampli昀椀cation, and 
construction of the cDNA libraries. These libraries were sequenced on an 
Illumina NovaSeq 6000 platform. Each group included three biological 
replicates, forming six cDNA libraries (three from the DHA and control 
groups).

Statistical analysis

All analyses were performed using the GraphPad Prism 7 software 
(GraphPad Software Inc., La Jolla, CA, USA). The results were analyzed 
using a two-tailed Student’s T-test or analysis of variance when multiple 
groups were compared. Results were expressed as the mean ± S.E.M. 
Statistical signi昀椀cance was set at p < 0.05. Cytokine levels were repre-
sented using the FCAP Array Software (v3.0; BD Biosciences). The 
applied software is listed in the Supporting Information (Supplementary 
Table 3). Uncropped blots are found in Supplementary Figures 2.

Results

DHA enhanced macrophage phagocytosis and M1 polarization

We 昀椀rst assessed the cytotoxicity of DHA on macrophages. DHA 
concentrations up to 700 nM did not induce cytotoxic effects in 
RAW264.7 macrophages (Supplementary Fig. 3A). This concentration is 
physiologically relevant, falling within the peak serum levels observed 
in malaria patients treated with DHA (White, 2008), and was therefore 
selected for subsequent experiments. Notably, DHA treatment signi昀椀-
cantly enhanced the phagocytic ability of RAW264.7 macrophages 
compared to the solvent control (Fig. 1A; Videos 1, 2). Furthermore, 700 
nM DHA increased macrophage phagocytosis to a greater extent than 
the LPS positive control (Fig. 1A). These 昀椀ndings collectively demon-
strate that DHA enhances the phagocytic activity of macrophages to-
wards iRBCs.

Treatment of macrophages with various concentrations of DHA 
(from 200 to 1600 nM), or macrophages incubated with iRBCs followed 
by treatment with DHA, resulting in an increase in M1 type macro-
phages, with 700 nM DHA causing a more signi昀椀cant M1 polarization 
compared to the control (Supplementary Fig. 3B, C). In contrast, 
RAW264.7 macrophages only incubated with iRBCs differentiated to-
wards the M2 phenotype (Fig. 1B, C). However, upon the addition of 
DHA, RAW264.7 macrophages polarized towards the M1 phenotype 
(Fig. 1B, C). Importantly, the 昀椀ndings with the RAW264.7 macrophage 
cell line were also con昀椀rmed with splenic macrophages from mice 
treated in the same approach (Fig. 1D, E). Overall, these 昀椀ndings indi-
cated that DHA enforced macrophage phagocytosis and M1 polarization, 
which likely promoted the clearance of Plasmodium parasites.

The expression of NLRP12 was upregulated in macrophages under DHA 
treatment

The activation of the NLRP is crucial for maintaining macrophage 
polarization (Rao et al., 2022a). To elucidate the molecular mechanisms 
underlying DHA-driven M1 polarization in macrophages, we 昀椀rst per-
formed a PCR array screening for the transcription of 90 NLRPs in both 
DHA-treated and control macrophages. Our results showed that DHA 
treatment signi昀椀cantly upregulated the expression of Nlrp12, Nlrp6, and 
Nlrp1a, while downregulating Nlrp4e, NLR family apoptosis inhibitory 
protein (Naip1), AIM2, and nucleotide binding oligomerization domain 
containing 1 (Nod1) (Fig. 2A). Subsequently, we veri昀椀ed the transcrip-
tion and protein expression of these candidate genes in macrophages 
using qPCR and Western blot. These analyses con昀椀rmed that only 
NLRP12 was consistently upregulated in DHA-treated macrophages 
compared to controls, at both transcriptional and protein levels 
(Fig. 2B-D; Supplementary Fig. 3D). Furthermore, molecular docking 
analysis revealed hydrogen bond interactions between DHA and the 
NLRP12 protein, with a docking score of −7.3 kcal/mol (Supplementary 
Fig. 4A). Consistent with NLRP in昀氀ammasome activation, we observed 
signi昀椀cantly increased expression levels of mature IL-1β protein, a key 
downstream effector, under DHA treatment (Supplementary Fig. 4B, C). 
This indicates that the NLRPs are activated and functional in this context 
(Sundaram et al., 2023). These 昀椀ndings suggest that DHA-induced 
macrophage M1 polarization is likely associated with NLRP12 
expression.

NLRP12 expression is closely associated with DHA-induced M1 
macrophage polarization

To validate the functional role of Nlrp12 in DHA-driven M1 polari-
zation, stable Nlrp12-knockdown cell lines were established by infection 
of macrophages with recombinant lentiviruses expressing Nlrp12-spe-
ci昀椀c shRNA (shNlrp12), followed by phenotypic veri昀椀cation (Supple-
mentary Fig. 5). The successful knockdown of the Nlrp12 transcripts in 
macrophages was con昀椀rmed by qPCR, and these results showed that 
Nlrp12 expression was signi昀椀cantly reduced in the macrophages infec-
ted with the lentivirus shNlrp12 (Supplementary Fig. 6A).

In Nlrp12-knockdown macrophages, DHA treatment not only resul-
ted in weakened phagocytosis but also signi昀椀cantly reduced the pro-
portion of M1 macrophages compared to the control group (Fig. 3A-C). 
These 昀椀ndings suggest that Nlrp12 is a key regulator in DHA-induced 
macrophage M1 polarization. To verify whether Nlrp12 also mediates 
DHA-induced macrophage M1 polarization in vivo, Nlrp12-knockdown 
mice were successfully generated (Supplementary Fig. 6B). Consistent 
with our in vitro results (Fig. 3B, C), the reduction of Nlrp12 expression 
resulted in a signi昀椀cant decrease in the proportion of M1 macrophages 
in P. berghei ANKA-Infected mice (Nlrp12-knockdown background) 
treated with DHA (Fig. 3D, E). Thus, these results indicate that DHA 
could stimulate NLRP12 expression, which is crucial for M1 
polarization.

DHA suppressed the expression of M2 polarization-related genes and the 
secretion of associated cytokines

To further dissect the molecular mechanisms by which NLRP12 
regulates M1 polarization of macrophages, we compared the expression 
of M1 and M2-related marker genes in DHA-treated macrophages in vitro 
between shNlrp12-treated and control groups. Nlrp12 knockdown 
resulted in a signi昀椀cant reduction in the expression of M1 macrophage 
marker genes including CD86 and CD80, while M2 macrophage marker 
genes including Arginase 1 (Arg1), CD206, transforming growth factor 
beta (TGF-β), IL-13, and IL-10, were signi昀椀cantly increased in the 
shNlrp12-treated group compared to that of the shCtrl group (Fig. 4A- 
G). In addition, guanylate binding protein 5 (GBP5) and inducible nitric 
oxide synthase (iNOS), known as markers of M1 macrophage, were also 
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signi昀椀cantly reduced in the shNlrp12 group compared to the shCtrl 
group (Fig. 4H, I). Furthermore, in the Nlrp12-knockdown group, the 
levels of key pro-in昀氀ammatory cytokines associated with M1 macro-
phages, including IL-12, IL-6, monocyte chemoattractant protein-1 
(MCP-1), interferon-γ (IFN-γ), and TNF-α, were signi昀椀cantly sup-
pressed. Conversely, the level of the anti-in昀氀ammatory cytokine Il-10, 
typically secreted by M2 macrophages, was signi昀椀cantly increased 
(Fig. 4J-O). These results indicated that Nlrp12 increased DHA-induced 
M1 polarization and downstream production of cytokines.

The expression of NLRP12 was negatively correlated to that of TSPO

To further delineate the molecular mechanisms by which NLRP12 
mediates M1 macrophage polarization, we performed quantitative 
proteomic analysis to assess protein expression changes in splenic M1 
macrophages from shNlrp12- and shCtrl-treated mice. This analysis 
identi昀椀ed a total of 137 differentially expressed proteins (DEPs) between 
the two groups, with 83 upregulated and 54 downregulated (Supple-
mentary Fig. 6C). The top 30 DEPs are presented in Supplementary 
Fig. 6D. Of these, a two-fold rise in TSPO, negatively correlated with the 
proportion of M1 macrophages, was observed in splenic cells of mice 
under the treatment of DHA and shNlrp12 lentivirus. Furthermore, the 
GO analysis showed that these DEPs were enriched in the secretory 
machinery category including “secretory vesicles”, “secretory granules”, 
“secretory granule lumen”, “cytoplasmic vesicle lumen”, “vesicle 
lumen”, and “intermediate 昀椀lament cells” (Supplementary Fig. 7A). In 
addition, the DEPs were enriched in functions associated with “pro-
grammed cell death” and “the innate immune system" (Supplementary 
Fig. 7B). The results were further validated using qPCR and Western 
blotting. Consistent with our proteomic analysis, qPCR validation 
con昀椀rmed that the expression of junction plakoglobin (Jup), hemato-
poietic cell signal transducer (Hcst), Tspo, BH3 interacting domain death 
agonist (Bid), and NME/NM23 nucleoside diphosphate kinase 2 (Nme2) 
was upregulated in the splenic cells of DHA- and shNlrp12 lentivirus- 
treated mice. Conversely, the expression of arachidonate lipoxygenase 
(Alox) and FYVE and coiled-coil domain autophagy adaptor 1 (Fyco1) 

was downregulated (Fig. 5A-G). Of these, Western blotting validated 
that the expression of TSPO and NME2 in DHA treated Nlrp12 knock-
down splenic cells were increased, which was consistent with that of 
proteomic analysis (Fig. 5H).

To further investigate the role of TSPO in Nlrp12 knockdown cells, 
macrophages were treated with a combination of a TSPO-speci昀椀c in-
hibitor and DHA. Compared to the solvent control, this combined 
treatment successfully rescued the M1 macrophage proportion, leading 
to a renewed increase in M1 cells (Supplementary Fig. 7C, D). These 
results indicated that TSPO indeed played an inhibitory role in DHA- 
treated Nlrp12 knockdown macrophages. Building on our 昀椀ndings that 
Nlrp12 knockdown leads to increased TSPO expression, we further 
investigated their interplay. In Tspo-overexpressing macrophages 
treated with DHA, we observed a signi昀椀cant downregulation of Nlrp12 
expression concomitant with a decrease in M1-polarized macrophages 
(Fig. 5I-K). Together, these results reveal a negative feedback loop or 
reciprocal inhibitory relationship between NLRP12 and TSPO, where 
Tspo overexpression suppresses Nlrp12, and conversely, Nlrp12 knock-
down upregulates TSPO.

DHA promoted the conversion of classical M1 macrophages into Lcn2hi M1 
macrophages

To further differentiate the phenotypes of the macrophages, single- 
cell RNA sequencing was performed with M1 macrophages separated 
from the RAW264.7 macrophages after DHA treatment. Transcripts 
from approximately 74,804 unique genes of 74,798 M1 macrophages 
were obtained, of these 34,770 cells were from the DHA-treated group 
and 40,034 from the control group. After quality 昀椀ltration, transcripts of 
73,766 cells were selected for further analysis. The transcripts were 
categorized in 18 macrophage-clusters based on the expression pattens. 
The M1 macrophage dataset was chosen for validation, and the clusters 
were annotated based on the enrichment scores of gene expression 
pro昀椀les (Supplementary Tables 4, 5). The 18 clusters were further 
divided into 10 cell subsets, including cell proliferation (ubiquitin 
conjugating enzyme e2 c (Ube2c) and pituitary tumor transforming gene 

Fig. 2. DHA upregulates NLRP12 expression (A) Expression levels of NOD-like receptors (NLRs) in macrophages after DHA treatment. (B) Transcription levels of the 
Nlrp1a, Nlrp4e, Nlrp12, Naip1, and AIM2 genes in macrophages after incubation with iRBCs with or without DHA. (C) The expression of NLRP12 in RAW264.7 
macrophages was promoted by DHA treatment. (D) The expression of NLRP12 in macrophages isolated from mice after DHA treatment. Data represent the mean ± S. 
E.M., n g 3. AIM2, absent in melanoma 2; CMC, carboxymethyl cellulose; DHA, dihydroartemisinin; iRBC, infected red blood cells; Naip1, NLR Family Apoptosis 
Inhibitory Protein; NLRP12, NLR Pyrin Domain Containing 12.
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1 (Pttg1)), in昀氀ammation (Lcn2, interleukin 1 receptor antagonist 
(Il1rn), interferon induced transmembrane protein 3 (I昀椀tm3)), DHA 
repair (uracil DNA glycosylase (Ung)), differentiation (acid phosphatase 
5 (Acp5)), oxidative stress (predicted gene, 26,917 (Gm26917)), 
migration and phagocytosis (CD74), and classic M1 macrophages 
(Supplementary Fig. 8A). DHA treatment signi昀椀cantly increased the 
proportion of Unghi macrophages and Lcn2hi M1 macrophages. Mean-
while, Ube2chi cell proliferation-related M1 macrophages and Acp5hi 

differentiation-related M1 macrophages were signi昀椀cantly decreased in 
the DHA groups, while other cell subsets exhibited no signi昀椀cant dif-
ferences among the four groups (Supplementary Fig. 8B-D). Overall, 
DHA treatment dramatically increased the polarization of macrophages 
toward the M1 phenotype, more speci昀椀cally towards to the Unghi DNA 
repair-related and Lcn2hi in昀氀ammation-related M1 macrophage subsets. 

Furthermore, The expression levels of differentiation and in昀氀ammation 
markers including the carbonic anhydrase (Car6), SH2 domain con-
taining 6 (Sh2d6), Lcn2, advillin (Avil), the P202b protein (I昀椀202b), ring 
昀椀nger protein 183 (Rnf183), angiopoietin like 6 (Angptl6), cytochrome C 
oxidase subunit 6A2 (Cox6a2) and Fc gamma RI (Fcgr1), were signi昀椀-
cantly upregulated in Unghi macrophages and Lcn2hi in昀氀ammation- 
related M1 macrophages, whereas those of cellular proliferation and 
cell cycle-related markers, such as the small nucleolar RNA host gene 5 
(Snhg5), histone cluster 1 H2B family member B (Hist1h2bb), Hist1h2ak, 
Hist1h1d and Hist1h2bl, were downregulated in Ube2chi or Acp5hi M1 
macrophages after DHA treatment compared to the cells without DHA 
treatment (Supplementary Fig. 9, 10).

Pseudotime trajectories of Lcn2hi M1 macrophages were recon-
structed using the Monocle algorithm, which indicated that they were 

Fig. 3. Nlrp12 knockdown attenuated the effect of DHA on M1 macrophage polarization. (A) Fluorescent labelled iRBCs (red) phagocytosed by shNlrp12-RAW264.7 
cells. (B, C) Polarization of shNlrp12-knochdoun RAW264.7 cells after DHA treatment compared to the controls. (D, E) Macrophage polarization in shNlrp12 
knockdown mice after DHA treatment compared to the controls. Data represent the mean ± S.E.M., n g 3. DAPI, 4′,6-diamidino-2–phenylindole; DHE, dihy-
droethidium; DiO, dioctadecyloxacarbocyanine perchlorate; iRBC, infected red blood cells; LPS, Lipopolysaccharide.
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derived from classical M1 macrophages (Supplementary Fig. 11). The 
expression of gene modules associated with cellular proliferation grad-
ually decreased from early pseudo-time and signi昀椀cantly dropped at late 
pseudo-time, including centromere protein F (Cenpf), Ube2c, cell divi-
sion cycle associated 8 (Cdca8), tubulin beta 4B Class IVb (Tubb4b), 
protein regulator of cytokinesis 1 (Prc1), and polo like kinase 1 (Plk1) 
(Supplementary Fig.12A). Conversely, the expression of gene modules 
linked to in昀氀ammation and immunity steadily increased from early 
pseudo-time and peaked at late pseudo-time, including Lcn2, peroxir-
edoxin 1 (Prdx1), Car6, C-X-C motif chemokine ligand 2 (Cxcl2), 

secreted phosphoprotein 1 (Spp1), and glyceraldehyde-3-phosphate 
dehydrogenase (Gapdh) (Supplementary Fig. 12B). Genes whose 
expression was upregulated in M1 macrophages transitioning into 
Lcn2hi M1 macrophages were primarily enriched in Fc gamma R-medi-
ated phagocytosis, Foxo signaling, and IL-17 signaling, which facilitate 
M1 function (Supplementary Fig. 13A). Regulation of histone H3-K9 
acetylation, positive regulation of macrophage cytokine production, 
immunoglobulin generation, and oxidoreductase activity were also 
enriched in GO analysis (Supplementary Fig. 13B). CellphoneDB anal-
ysis indicated Lcn2hi M1 macrophages showed stronger interactions 

Fig. 4. NLRP12 suppressed the secretion of macrophage-associated cytokines in DHA treated M1macrophage. (A-G) Transcription of CD86, CD80, Arg1, IL-13, 
CD206, TGF-β and IL-10 genes. (H, I) The expression of GBP5 and iNOS in RAW264.7 cells. (J-O) In昀氀ammatory cytokine expression level in shNlrp12 and shCtrl 
group. Data represent the mean ± S.E.M., n g 3. Arg1, Arginase 1; DAPI, 4′,6-diamidino-2–phenylindole; GBP5, Guanylate Binding Protein 5; IFN-γ, Interferon-γ; IL- 
13, interleukin-13; iNOS, inducible nitric oxide synthase; TGF-β, Transforming Growth Factor Beta; TNF-α, tumor necrosis factor-α.
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with other M1 macrophages in the DHA treatment group compared to 
that of the control group (Supplementary Fig. 14A, B). Lcn2hi M1 mac-
rophages could directly contact other M1 macrophages through 
ligand–receptor pairs, namely, Spp1-Cd44, C5ar1-Rps19, and Cd74- Mif, 
which induce pro-in昀氀ammatory M1 macrophage differentiation (Sup-
plementary Fig. 14 A, B). Additionally, genes whose expression was 
upregulated in Ube2chi M1 macrophages were primarily enriched in cell 
cycle, cellular senescence, and mitophagy (Supplementary Fig. 13C). 
Moreover, the transcription, DNA-templated and RNA biosynthetic 
process terms were also enriched in the GO analysis (Supplementary 
Fig. 13D). The transcriptomic data coupled with CellphoneDB analysis 
suggested that Ube2c hi M1 macrophages could directly contact other 
M1 macrophages through Lrp6-Cklf, which is essential for cell prolifer-
ation (Supplementary Fig. 14C, D). Overall, DHA treatment promoted 
interactions of Lcn2hi M1 macrophages with other macrophages, which 
induce pro-in昀氀ammatory M1 differentiation.

Discussion

Macrophages serve as key cellular mediators in host defense against 
Plasmodium infection (Kapralov et al., 2020). DHA, the most widely used 
antimalarial drug, has been reported to possess immunomodulatory 
properties and exhibited ef昀椀cacy in treatment of various autoimmune 
diseases, including systemic lupus erythematosus and rheumatoid 
arthritis (Li et al., 2022). In this study, DHA was found to promote M1 
type macrophages polarization and their phagocytosis against Plasmo-
dium-infected erythrocytes (Video 1, 2, Fig. 1A-E; Supplementary 
Fig. 3C). PCR-array based analysis revealed a signi昀椀cant NLRP12 
upregulation in macrophages after exposure to DHA compared to that of 
the control cells (Fig. 2A-D; Supplementary Fig. 3D). Knocking-down 
Nlrp12 in both cell lines and cells isolated from mouse spleen 
con昀椀rmed its positive association with M1 macrophage polarization in 
responses to DHA treatment (Fig. 3, 4). Proteomic analysis showed that 
DHA treatment signi昀椀cantly suppressed TSPO expression in M1 mac-
rophages sorted from the Nlrp12 knockdown mice (Fig. 5). Furthermore, 

Fig. 5. NLRP12 inhibited the expression of TSPO in DHA treated M1 macrophages. (A-G) The transcription of Jup, Hcst, Tspo, Bid, Nme2, Fyco1, and Alox genes. (H) 
The expression of TSPO, NME2, and NLRP12. (I) The transcription Tspo gene. (J) The transcription of Nlrp12 gene. (K) Polarization of Tspo-OE-RAW264.7 cells 
toward M1 phenotypes. Data represent the mean ± S.E.M., n g 3. Alox, Arachidonate Lipoxygenase; Bid, BH3 Interacting Domain Death Agonist; DHA, dihy-
droartemisinin; Fyco1, FYVE And Coiled-Coil Domain Autophagy Adaptor 1; Hcst, Hematopoietic Cell Signal Transducer; Jup, Junction Plakoglobin; NLRP12, NLR 
Pyrin Domain Containing 12; Nme2, NME/NM23 Nucleoside Diphosphate Kinase 2; TSPO, translocator protein.

X. Li et al.                                                                                                                                                                                                                                        Phytomedicine 143 (2025) 156913 

9 



to determine if heterogeneity existed in DHA-induced M1 macrophages, 
scRNA-sequencing was used to categorize the cell populations of the 
DHA treated macrophages and the untreated control. The results showed 
that DHA treatment promoted the conversion of classical M1 macro-
phages into Lcn2hi M1 macrophages (Supplementary Fig. 8–14). Over-
all, our results indicated that DHA promoted macrophage M1 
polarization through the NLRP12-TSPO axis, re昀氀ecting a DHA-enhanced 
adaptive immune response against parasites (Fig. 5).

An important mechanism of malarial parasite clearance is phagocy-
tosis of iRBCs by macrophages (Langhorne et al., 2008). Of these, M1 
macrophages, which form a crucial front line against Plasmodium 
infection, exhibit high levels of phagocytic activity (Singh et al., 2020). 
In this study, DHA promoted macrophage polarization toward the M1 
phenotype and signi昀椀cantly enhanced the phagocytic capacity of mac-
rophages both in vitro and in vivo (Fig. 1).

In昀氀ammasome NLR family members, such as PAMP sensors, stimu-
late macrophage polarization upon activation (Rao et al., 2022b; Wong 
et al., 2018). In this study, the NLRP12 expression was signi昀椀cantly 
increased in M1 macrophages after DHA treatment (Fig. 2A-D; Supple-
mentary Fig. 3D). Consistently, the Nlrp12 knockdown signi昀椀cantly 
reduced the proportion of M1 macrophages (Fig. 3), which was likely 
due to the downregulation of M1 marker gene (CD86 and CD80) and 
protein (GBP5 and iNOS) expression and upregulation of M2 marker 
genes (Argl, CD206, and TGF-β) (Fig. 4A-I) in the Nlrp12 knockdown 
cells. This indicated that DHA could induce macrophage M1 polarization 
by increasing NLRP12 expression. However, the molecular pathways 
involved in DHA-induced NLRP12 activation will be further explored.

Previous studies indicate that hemozoin can partially reverse the M2- 
like phenotype activation in human monocytes by artemisinin (ART) 
(Bobade et al., 2019). In in昀氀ammatory bowel disease, there is an in-
crease in M1 macrophages. However, ART can drive macrophages to-
wards the M2 phenotype, improving colitis (Huai et al., 2021). This 
highlights the ability of ART to modulate macrophage phenotypes. 
Macrophages serve as a "factory" for the activation and expression of 
in昀氀ammasomes, including NLRP12. In mouse models of pneumonia, 
increased expression of NLRP12 in lung macrophages has been shown to 
be critical for host survival, bacterial clearance, and neutrophil 
recruitment during pneumonia treatment (Cai et al., 2016). Similarly, 
NLRP12 has been reported to enhance macrophage immune responses 
and alleviate symptoms in the treatment of herpes simplex keratitis 
(Jiang et al., 2024). Macrophage polarization from M2 to M1 was 
induced by DHA treatment in Plasmodium-infected mice, which was 
closely associated with upregulated expression of NLRP12 in these 
macrophages. These data demonstrate that DHA regulates macrophage 
polarization by promoting NLRP12 expression, thereby enhancing the 
immune response against malaria.

TSPO, formerly known as the peripheral benzodiazepine receptor, is 
a mitochondrial outer membrane protein ubiquitously expressed in pe-
ripheral tissues (Selvaraj and Stocco, 2015). TSPO overexpression sup-
pressed the LPS-induced macrophage M1 polarization (Horiguchi et al., 
2019; Orecchioni et al., 2019). This evidence indicated that TSPO is a 
negative regulator in M1-macrophage polarization. Through quantita-
tive proteomic analysis, the expression of TSPO was found signi昀椀cantly 
increased in the plenic M1 macrophages of Nlrp12 knockdown mice 
infected with P. berghei, while DHA treatment can reverse the effect. 
qPCR and Western blotting veri昀椀ed above result (Fig. 5). These 昀椀ndings 
suggested that DHA can suppress the expression of TSPO by upregula-
tion of NLRP12 in the M1 macrophages. Furthermore, scRNA-seq anal-
ysis revealed DHA promoted the conversion of classical M1 
macrophages into Lcn2hi and Ube2chi M1 macrophages, which is in line 
to the previous 昀椀nding that upregulation of Lcn2 in macrophages is a 
critical factor in controlling malaria infections (Zhao et al., 2012). 
Further, the ability of M1 macrophage-derived exosomes to deliver Lcn2 
suggests a potential mechanism for amplifying these protective effects 
(Fan et al., 2024). These multifaceted functions of Lcn2hi M1 macro-
phages underscore their importance in malaria control.

Overall, this study revealed DHA is not only a potent antimalarial but 
also an immunomodulator. DHA preferentially drives macrophages to-
wards M1 type polarization, which is closely associated with cellular 
immune reaction to malaria (Supplementary Fig. 15).

Conclusions

In summary, our study elucidates the pivotal role of DHA in pro-
moting M1 macrophage polarization to enhance immune responses 
against Plasmodium infection. This polarization is closely associated with 
the upregulation of Nlrp12 expression in macrophages after exposure to 
DHA, as evidenced by PCR-array analysis and con昀椀rmed through Nlrp12 
knockdown experiments in both cell lines and macrophages isolated 
from mouse spleens. Further proteomic analysis revealed that DHA 
treatment leads to a substantial decrease in TSPO expression in macro-
phages derived from Nlrp12-de昀椀cient mice, highlighting the critical 
involvement of the NLRP12-TSPO axis in this regulatory pathway. 
Additionally, scRNA-seq provided insights into the cellular heteroge-
neity induced by DHA treatment, revealing a transition from classical 
M1 macrophages to Lcn2hi M1 macrophages. This shift underscores 
DHA’s ability to enhance the adaptive immune response, ensuring a 
more effective clearance of malaria parasites.
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