Bzl SPANDIDOS
7] ,§, PUBLICATIONS

MOLECULAR MEDICINE REPORTS 34: 315, 2026

Artemisinin and its derivatives for metabolic syndrome: From
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Abstract. Metabolic syndrome (MetS) is a complex of disor-
ders, characterized by insulin resistance accompanied by
abdominal obesity, dyslipidemia, hypertension and impaired
glucose metabolism. This group of conditions notably
increases the risk of type 2 diabetes mellitus and cardiovas-
cular or cerebrovascular diseases and has become a major
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global public health challenge. Current treatments for MetS
often fail to meet clinical needs owing to the limitations asso-
ciated with single-target therapies and notable side effects.
Artemisinin-based drugs are primarily used as antimalarial
drugs but have garnered widespread attention for their broad
biological activities. Preclinical evidence suggests that arte-
misinin and its derivatives improve insulin sensitivity, regulate
lipid metabolism, alleviate chronic inflammation and reshape
the gut microbiota by modulating multiple metabolism-related
signaling pathways, including AMP-activated protein kinase,
PI3K/Akt, NF-xB and Toll-like receptor 4, indicating a
potential therapeutic avenue for MetS. However, most of these
findings are derived from cell-based and animal studies, while
direct clinical evidence in patients with MetS remains limited.
In the present review, the therapeutic potential and core
molecular mechanisms of artemisinin and its derivatives for
MetS are summarized and the challenges and opportunities
for their future clinical translation are discussed.
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1. Introduction

Metabolic syndrome (MetS) is defined by the World Health
Organization (WHO) as a cluster of disorders characterized by
insulin resistance accompanied by multiple abnormalities such
as abdominal obesity, dyslipidemia, hypertension and hyper-
glycemia (1). This complex condition notably increases the risk
of type 2 diabetes mellitus (T2DM), cardiovascular disease,
non-alcoholic fatty liver disease (NAFLD) and certain cancer
types (2-4). MetS represents a major global public-health chal-
lenge, affecting ~20% of the global population, with prevalence
rates reaching up to 46% in high-burden geographical regions,
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such as the Middle-East and Latin-America, and a rising preva-
lence observed among younger age groups, namely adolescents
and young adults aged 10-24 years (5,6). Insulin resistance
is the central pathological mechanism of MetS, directly
leading to impaired glucose metabolism and compensatory
hyperinsulinemia (7). Dyslipidemia promotes the release of
large amounts of pro-inflammatory factors from macrophages
in adipose tissue, which inhibit insulin signaling and promote
atherosclerosis (8). Oxidative stress leads to the accumulation
of reactive oxygen species (ROS), damaging cellular structures
and mutually amplifying inflammation (9,10). Dysbiosis of the
gut microbiota disrupts the intestinal barrier, allowing endo-
toxins to enter the bloodstream, thereby activating systemic
inflammation and disrupting glucose and lipid metabo-
lism (11,12). These mechanisms are interlinked, creating a
vicious cycle that ultimately leads to the coexistence of various
abnormalities, including disorders involving glucose and lipid
metabolism, obesity and hypertension.

Pharmacotherapies currently used for MetS manage-
ment are unable to target its full spectrum of pathological
features and have been associated with notable concerns
regarding adverse effects. For instance, although metformin
can improve insulin resistance, the effects of metformin
on lipid metabolism disorders and abdominal obesity are
limited, and some patients discontinue the medication after
developing gastrointestinal side effects (13). Sodium-glucose
cotransporter 2 (SGLT2) inhibitors promote weight loss and
protect renal function but increase the risk of urinary tract
infections (14). Therefore, a metabolic modulator that acts
on multiple disease-related pathways with a favorable safety
profile is urgently needed. Artemisinin is derived from the
traditional Chinese medicinal plant Artemisia annua. Since
Tu Youyou's group discovered the antimalarial activity
of artemisinin and was awarded the Nobel Prize in 2015,
artemisinin-based drugs have become the global first-line
treatment for malaria (15). Previous research has revealed
that the biological activities of artemisinin and its derivatives
may extend far beyond antimalarial therapy, and have been
reported to demonstrate antitumor, cardioprotective, antifi-
brotic and antioxidant effects (16-19).

In the context of MetS, artemisinin and its derivatives
have been reported to improve metabolic disorders through
effects on obesity, insulin resistance, inflammation, the gut
microbiota and lipid metabolism (20-25). Furthermore, these
compounds are generally well-tolerated at conventional
therapeutic doses in short-term use, while long-term safety
data for chronic metabolic indications remain limited.
However, although artemisinin-based drugs have been shown
to affect multiple components of MetS, suggesting that these
drugs may address multiple pathological features of MetS,
the specific regulatory mechanisms of artemisinin-based
drugs have not been fully elucidated, and clinical transla-
tion requires long-term evidence of safety and efficacy (16).
In the present review, the scientific basis for the potential
transition of artemisinin from a leading antimalarial agent
to a metabolic modulator is summarized, providing an
in-depth assessment of artemisinin signaling networks and
molecular mechanisms to offer theoretical support and future
research directions for developing prevention and treatment
strategies for MetS.

2. Structural basis and pharmacological effects of
artemisinin and its derivatives

Artemisinin is a sesquiterpene lactone compound that occurs
naturally in the glandular trichomes of A. annua (family:
Asteraceae) and is an active ingredient in traditional Chinese
medicine (26,27). Artemisinin has the molecular formula
C,5H,,05 and a molecular weight of 282.33 g/mol. The core
structure of artemisinin consists of a 15-carbon sesquiter-
pene skeleton containing a lactone ring and a 1,2,4-trioxane
endoperoxide bridge, which serves as the key pharmacophore
responsible for the antimalarial and other biological activities
of artemisinin (28).

Structurally, the regulatory effects of artemisinin and
its derivatives on signaling pathways are rooted in two core
features: The endoperoxide bridge and the C-10 position,
which together define the bioactivity and target selectivity
of artemisinin and its derivatives. The endoperoxide bridge
serves as the principal pharmacophoric trigger. The reductive
cleavage of the endoperoxide bridge generates carbon-centered
free radicals and ROS, which elevate the AMP/ATP ratio and
activate AMP-activated protein kinase (AMPK), leading
to mTOR suppression, which in turn promotes autophagy,
while also inhibiting NF-kB-driven inflammation. In
parallel, endoperoxide-derived reactive species modulate
upstream signaling components such as inhibitor of NF-kB
kinase, while direct myeloid differentiation protein 2 (MD2)
binding may disrupt toll-like receptor 4 (TLR4)/MD?2
complex formation, with both mechanisms converging on
NF-«xB repression (29,30). The C-10 position, in turn, acts
as a key structural determinant of potency and selectivity.
Structure-activity relationship studies have demonstrated that
C-10 substituents modulate TLR4/NF-«B inhibitory activity
in a chain-length-dependent bell-shaped manner, with optimal
efficacy at the 3,4 carbon atoms. Variations in C-10 substitu-
ents (hydroxyl, methyl ether or hemisuccinate ester) alter the
physicochemical properties and target-binding affinity of the
derivatives, thereby fine-tuning their regulatory capacity on
inflammatory signaling pathways (31,32).

Given these unique structural features, artemisinin exhibits
broad biological activity. In addition to the role of artemisinin as
a first-line antimalarial agent, previous studies have confirmed
that artemisinin can target core components of MetS, such as
obesity, T2DM, insulin resistance and immune dysfunction,
demonstrating the potential of artemisinin for treating multiple
aspects of MetS (33,34). In terms of regulating glucose and
lipid metabolism, artemisinin modulates glucose transport and
utilization and markedly improves insulin sensitivity (21). In a
model of non-alcoholic steatohepatitis (NASH), artemisinin
restores hepatic lipid homeostasis by regulating transcription
factors, such as peroxisome proliferator-activated receptor
o (PPAR), alleviates hepatic steatosis and re-establishes
lipid homeostasis (35,36). In terms of anti-inflammatory
and immunomodulatory effects, artemisinin can suppress
inflammatory pathways, reduce the expression levels of
pro-inflammatory factors and simultaneously regulate macro-
phage polarization and regulatory T cell (Treg) differentiation,
thereby alleviating inflammatory responses in models of
atherosclerosis and ulcerative colitis (37-39). Furthermore,
artemisinin-based drugs exert beneficial regulatory effects
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on the gut microbiota. In a dextran sulfate sodium-induced
murine model of ulcerative colitis, dihydroartemisinin (DHA)
restores gut microbiota diversity, promotes the enrichment
of butyrate-producing bacteria and enhances intestinal
barrier function while alleviating inflammation via the gut
microbiota-butyrate-Treg/T helper 17 cell (Th17) axis (40).

Owing to drug development bottlenecks, such as the poor
aqueous solubility and low oral bioavailability of natural arte-
misinin, researchers have developed a series of derivatives via
structural modification at the C-10 key site. The primary deriv-
atives include: i) DHA, obtained by reducing the C-10 ketone
group of artemisinin to a hydroxyl group; ii) Artemether, the
C-10 methyl ether derivative of DHA with enhanced lipo-
philicity; and iii) Artesunate, the C-10 hemisuccinate ester
of DHA, featuring high water solubility (41). According to
the WHO guidelines for the treatment of malaria, parenteral
artesunate is the preferred treatment for severe malaria (42),
whereas artemether is usually considered an alternative when
artesunate is not available (43). Beyond the licensed use of arte-
mether against uncomplicated malaria in the Food and Drug
Administration (FDA)-approved artemether/lumefantrine
fixed-dose combination, artemether also exerts independent
metabolic regulatory effects in a preclinical model, including
ameliorating insulin resistance and normalizing glucose and
lipid homeostasis (44,45). While mild gastrointestinal suppres-
sion was occasionally observed at high doses, no severe adverse
effects were reported in these preclinical studies. It should be
emphasized that the long-term effects of artemether were not
investigated in these studies, and thus remain unknown (24).
DHA inhibits abnormal aerobic glycolysis in tumor cells via
a Myc proto-oncogene-dependent pathway, demonstrating the
capacity of artemisinin derivatives to modulate pathological
glucose metabolism (46).

In summary, artemisinin and its derivatives affect the
core pathological pathways of MetS through the aforemen-
tioned endoperoxide bridge-driven AMPK-mTOR-mediated
autophagy induction and NF-«xB/TLR4/MD2 inflamma-
tory repression, as well as C-10 substituent-modulated
inflammatory-signaling mechanisms, offering multiple meta-
bolic benefits. These multifaceted biological activities provide
a strong rationale for further investigating the therapeutic
potential of artemisinin-based drugs in metabolic diseases.

3. Mechanisms of artemisinin and its derivatives in
regulating MetS

Regulation of glucose metabolism and insulin resistance.
In MetS, reduced insulin sensitivity in organs, such as the
liver, notably decreases tissue glucose uptake and utilization
alongside abnormal increases in hepatic glucose output and
impaired peripheral glucose utilization, ultimately resulting
in abnormal blood glucose levels and impaired glucose toler-
ance (47). Artemisinin and its derivatives directly improve
glycemic parameters and enhance insulin signaling by acti-
vating cellular energy sensing. Simultaneously, artemisinin
and its derivatives inhibit inflammatory and oxidative stress
signaling cascades, thereby blocking chronic inflamma-
tion-mediated damage to insulin signaling. These effects
contribute to comprehensively improving insulin resistance
and restoring glucose homeostasis (Fig. 1).
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Liver. In db/db mice, artemisinin activates the hepatic
PI3K/Akt pathway, upregulating phosphorylated (p-)PI3K,
p-Akt, insulin receptor substrate 1 (IRS1) and glucose
transporter type 2 (GLUT2) to enhance glucose uptake
and suppress gluconeogenesis. Additionally, artemisinin
suppresses MAPK signaling by decreasing phosphorylation of
p38 mitogen-activated protein kinase (p38), ERK1/2 and JNK,
thus alleviating inflammation- and oxidative stress-triggered
insulin resistance (48). Artemisinin also inhibits aberrant
glycolysis through regulation of the PI3K/Akt/mTOR axis,
thereby preserving metabolic homeostasis. In the liver, arte-
misinin improves insulin sensitivity and reduces ectopic lipid
deposition via the AMPK/nuclear factor erythroid 2-related
factor 2 (Nrf2) pathway. At the cellular level, in hepatocytes,
artemisinin potentiates IRSI activity and PI3K/Akt signaling,
promotes glucose transport and glycogen synthesis and
suppresses the NF-kB inflammatory pathway, leading to
reduced expression levels of pro-inflammatory cytokines such
as TNF-a, IL-1p and IL-6, which otherwise disrupt insulin
signaling (49,50).

Pancreas. Multiple animal studies have demonstrated
that artemisinin-based drugs can considerably reduce fasting
and postprandial blood glucose levels (48,51). For instance,
artemether and dihydroartemether notably reduced 2 h blood
glucose levels in intraperitoneal glucose tolerance and intra-
peritoneal insulin tolerance tests in a T2DM mouse model.
Artemisinin-based drugs also improved serum insulin levels,
indicating that these drugs can systemically restore glucose
tolerance and insulin sensitivity rather than merely lowering
blood glucose levels (21). Artemisinin is hypothesized to induce
pancreatic [-cell regeneration to alleviate hyperglycemia,
offering a potential strategy to restore pancreatic endocrine
function. However, controversy remains regarding this
regenerative effect, as multiple studies have failed to replicate
a-to-p cell reprogramming in mammalian islet models,
highlighting the need for further mechanistic validation (52).

Adipose tissue. Consistent with the effect of artemether
on glycemic control, in a high-fat diet (HFD)-induced obese
mouse model, artemether effectively reduced body weight and
enhanced systemic insulin sensitivity and glucose tolerance,
suggesting that the hypoglycemic effect of artemether reflects
a direct improvement in insulin signaling rather than a mere
glucose-lowering action (20).

Systemic metabolic tissues. At the systemic level, arte-
misinin indirectly improves the microenvironment associated
with insulin resistance by inhibiting the mTOR pathway,
downregulating pro-inflammatory factors (such as TNF-o and
IL-6) and alleviating oxidative stress (53,54). Artemisinin also
activates the AMPK pathway by upregulating calcium/calmod-
ulin-dependent protein kinase 2, thereby promoting AMPK
phosphorylation and consequently enhancing glucose
uptake and fatty acid oxidation. By interacting with the
Nrf2 antioxidant axis, artemisinin activates downstream
antioxidant enzymes, such as superoxide dismutase (SOD),
catalase and heme oxygenase-1, thereby mitigating the
damage from oxidative stress induced by high glucose or drug
treatments, such as amiodarone-triggered insults in human
epithelial cell models. Nrf2-knockdown experiments further
confirmed the necessity of artemisinin in maintaining insulin
signaling (55,56).
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Figure 1. Artemisinin and its derivatives enhance glucose uptake and fatty acid oxidation via the CaMKK2/AMPK and PI3K/Akt pathways, while suppressing
MAPK-driven inflammation to improve insulin sensitivity. Artemisinin and its derivatives activate CAMKK2/AMPK to promote glucose uptake and fatty
acid oxidation and stimulate PI3K/Akt to facilitate glucose transport and glycogen synthesis. Artemisinin and its derivatives also inhibit MAPK signaling
by reducing p38, ERK1/2 and JNK phosphorylation, attenuating insulin resistance. Additionally, artemisinin and its derivatives activate Nrf2 to upregulate
antioxidant enzymes and support insulin production. This figure provides a general overview of the shared mechanisms of artemisinin and its derivatives
across multiple tissues. Created with BioRender.com. AMPK, AMP-activated protein kinase; CaMKK?2, calcium/calmodulin-dependent protein kinase
kinase 2; CAT, catalase; GLUT2, glucose transporter type 2; HO-1, heme oxygenase-1; InsR, insulin receptor; IRSI, insulin receptor substrate 1; Nrf2, nuclear
factor erythroid 2-related factor 2; p38, p38 mitogen-activated protein kinase; ROS, reactive oxygen species; SOD, superoxide dismutase.

Non-MetS disease models. Of note, in uveal mela-
noma cells, artemisinin exerts an opposing effect on the
PI3K/Akt/mTOR axis: Artemisinin inhibits the phosphory-
lation of PI3K, Akt and mTOR, and Akt/mTOR activators
can counteract the inhibitory effect of artemisinin on cell
migration, demonstrating that artemisinin suppresses cancer
cell migration through inhibition of this pathway, highlighting
that artemisinin serves as a context-dependent modulator,
exerting differential regulatory effects across distinct tissues
and pathological states (57).

Given these findings, high-quality clinical studies are
needed to clarify the hypoglycemic and insulin-sensitizing
efficacy and safety of artemisinin-based drugs in patients with
MetS. Artemisinin-based combination regimens should also
be explored with metformin and statins to enhance therapeutic
efficacy, facilitating the translation of artemisinin derivatives
into potential therapeutic agents for MetS.

Regulation of lipid metabolism and hepatic steatosis.
Dyslipidemia and hepatic steatosis are interrelated and
together constitute a vicious cycle of lipid overload-insulin
resistance-chronic inflammation-liver damage (58,59).
Artemisinin and its derivatives inhibit hepatic lipid synthesis

and promote fatty acid oxidation through effects on several
pathways, correcting imbalances involving lipid absorp-
tion, synthesis and transport. By modulating the gut-liver
axis, artemisinin and its derivatives improve lipid profiles
while exerting anti-inflammatory and antioxidant effects
and restoring insulin signaling pathways, comprehensively
ameliorating lipid metabolism disorders and reversing hepatic
steatosis (Fig. 2).

Liver. In the liver, artemether can reduce the endogenous
production of fatty acids and cholesterol by activating
the AMPK signaling pathway to inhibit sterol regulatory
element-binding protein-lc (SREBP-1c) and its downstream
key lipogenic enzymes (acetyl-CoA carboxylase a, fatty acid
synthase and stearoyl-CoA desaturase 1), suggesting that arte-
mether can reduce hepatic lipid accumulation by inhibiting
excessive lipid synthesis at the source (60). Meanwhile,
artesunate notably reduces serum triglyceride (TG) levels
and increases high-density lipoprotein cholesterol (HDL-C)
in apolipoprotein E-knockout (ApoE"/) mice induced by
a HFD (61). Regarding the reparative effects on hepatic
steatosis, artemether targets the EGFR/heat shock protein
90 (HSP90) complex and upregulates the PPARa/carnitine
palmitoyltransferase 1 (CPT1) axis to promote fatty acid
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Figure 2. Artemisinin and its derivatives ameliorate hepatic steatosis by activating the AMPK/SREBP-1c and PPARa pathways to suppress de novo lipogenesis
while concurrently enhancing fatty acid oxidation and reducing lipid storage. Artemisinin and its derivatives also inhibit TLR4/MyD88/NF-«xB and NLRP3
inflammasome signaling to attenuate hepatic inflammation. Collectively, these actions lower serum lipids, restore lipid homeostasis and alleviate hepatic
steatosis. Created with BioRender.com. Acaca, acetyl-CoA carboxylase a; AMPK, AMP-activated protein kinase; CPT1, carnitine palmitoyltransferase 1;
FASN, fatty acid synthase; HDL-C, high-density lipoprotein cholesterol; HSP90, heat shock protein 90; KLF2, Kriippel-like factor 2; LDL-C, low-density lipo-
protein cholesterol; LDLR, low-density lipoprotein receptor; MyD88, myeloid differentiation primary response 88; NLRP, nucleotide-binding oligomerization
domain, leucine-rich repeat and pyrin domain-containing protein; Nrf2, nuclear factor erythroid 2-related factor 2; PPARa, peroxisome proliferator-activated
receptor a; ROS, reactive oxygen species, SCDI1, stearoyl-CoA desaturase 1; SREBP-Ic, sterol regulatory element-binding protein 1c; TC, total cholesterol;
TCF7L2, transcription factor 7-like 2; TG, triglyceride; TLR4, Toll-like receptor 4; VLDL-C, very low-density lipoprotein cholesterol.

[-oxidation, thereby regulating hepatic lipid metabolism and
alleviating NASH (60,62,63). Furthermore, artemether can
modulate the gut-liver axis, reshape the gut microbiota struc-
ture and reduce endotoxemia. By inhibiting the TLR4/NF-kB
pathway, artemether blocks activation signals in Kupffer
cells, reducing their secretion of pro-inflammatory factors
such as TNF-a, IL-1f and IL-6. This action effectively
interrupts the amplification of the hepatic inflammatory
cascade, ultimately alleviating inflammatory liver damage
in NASH (64). Beyond the aforementioned lipid-modulating
effects, artemisinin derivatives regulate peroxisome prolifer-
ator-activated receptor y (PPARY)-mediated lipid metabolic
pathways to rebuild the homeostasis of hepatic lipid metabo-
lism and inflammation. Such combined effects ameliorate
hepatic lipid deposition and metabolic inflammation
synchronously (65). Distinct from these artemether-mediated
mechanisms, DHA activates the Nrf2 pathway, inhibits
ferroptosis, improves mitochondrial function and indirectly
promotes lipid droplet clearance, alleviating hepatic steatosis,
inflammation and fibrosis (66).

Vascular tissue. In atherosclerosis models, artesunate
reduces plasma TG, total cholesterol (TC), low-density lipo-
protein (LDL) cholesterol (LDL-C), very-LDL-C and arterial
lipid deposition through activation of the Kriippel-like factor
2 (KLF2)/Nrf2/transcription factor 7-like 2 (TCF7L2) axis,
which enhances LDL receptor-related pathway activity (22).
Artemisinin inhibits NOD-like receptor family pyrin
domain-containing 3 (NLRP3) inflammasome activation
in vascular tissue, reducing caspase-1 and IL-1p expression
and decreasing macrophage infiltration and CD68 deposition
in arterial plaques. Artemisinin also suppresses NF-«B and
other pro-inflammatory signals by regulating the MAPK,
PI3K/Akt/mTOR and Nrf2/glutathione (GSH) peroxidase 4
pathways, thereby alleviating vascular chronic inflammation
and directly attenuating atherosclerosis (54,61).

Systemic metabolic tissues. Notably, the lipid-regulating
effects of artesunate on TC and LDL appear to be model-depen-
dent. In ApoE"/ mice fed a HFD, artesunate markedly reduced
atherosclerotic plaque formation and serum TG levels, but did
not notably alter TC or LDL levels (61). By contrast, in a study
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using Wistar rats with normal ApoE function, in which acute
atherosclerosis was induced by an atherogenic diet (1.25%
cholesterol, 15% fat and 0.5% cholic acid) combined with
lipopolysaccharide (LPS), artesunate markedly reduced
TC and LDL levels, which was comparable to the effect of
rosuvastatin (67,68). Similar lipid-lowering and anti-athero-
sclerotic effects of artesunate have also been reported in
HFD-fed ApoE™ mice and Western diet-fed rabbits (61,69).
This discrepancy may be attributed to the absence of func-
tional ApoE in ApoE/ mice, as ApoE is a required ligand
for LDL receptor-mediated lipoprotein clearance, and this
genetic deficiency may limit the cholesterol-lowering efficacy
of artesunate (61,67). Artemisinin ester may also participate
in activating PPARa-related pathways and promoting weight
loss and energy expenditure, thereby indirectly improving
systemic lipid metabolism (20). Regarding safety, while high
doses of artemether may induce gastrointestinal suppression
in mice, overall preclinical data indicate no severe adverse
effects were observed in this study and the long-term effects of
artemether remain uncharacterized as they were not explored
in the aforementioned research (21).

Research on NASH models with different etiologies (for
example obesity or diabetes mellitus) has not been conducted
and clinical translation data are limited (48). Additionally, the
regulatory effects of artemether on lipid profiles yield inconsis-
tent results across different animal models and unified efficacy
evaluation criteria are lacking (20). Preclinical studies and
early-phase clinical trials are needed to test artemisinin-based
drugs at low doses over extended periods. These studies
should aim to refine the understanding of the cross-regulatory
network of the gut-liver axis, standardize research models and
evaluation criteria and explore the efficacy of combination
therapies with different types of artemisinin derivatives to
advance their clinical translation.

Anti-inflammatory and immune regulatory effects. Chronic
low-grade inflammation and immune homeostasis imbalance
are core pathological features of MetS that are primarily
manifested by excessive activation of innate immune cells,
dysregulation of adaptive immune responses and an imbalance
between anti- and pro-inflammatory reactions. These factors
continuously exacerbate insulin resistance and disturbances
involving glucose and lipid metabolism, forming a vicious
cycle of inflammation-metabolism (70-73). Artemisinin and
its derivatives correct the inflammation and immune dysregu-
lation associated with MetS by inhibiting pro-inflammatory
pathways, activating antioxidant signaling and regulating
immune cell homeostasis (Fig. 3).

Vascular tissue. At the molecular level, DHA suppresses
NF-«kB activation by blocking upstream signaling and directly
binding to NF-«kB. This dual inhibition downregulates
pro-inflammatory mediators, including TNF-a, IL-1p3, IL-6,
IL-18, monocyte chemoattractant protein-1 and TGF-p1, as
well as adhesion molecules such as intercellular adhesion mole-
cule-1 and vascular cell adhesion molecule-1. Consequently,
monocyte adhesion and migration are attenuated and NLRP3
inflammasome activation is restrained. These actions alleviate
the chronic low-grade inflammatory immune response in
patients with MetS (22,54,74). Furthermore, in ApoE/ mice
fed a HFD, artemether inhibited signaling involving the

ERK1/2/NF-xB/IL-1p pathway, reduced the macrophage-like
phenotypic transformation of vascular smooth muscle cells
and decreased NLRP3 and CD68 expression within plaques.
Therefore, artemisinin-derived drugs improve underlying
metabolic disorders, protect blood vessels and stabilize
plaques, highlighting a potential interventional strategy for
cardiovascular complications (61).

Liver. In an NAFLD model, artemether notably alleviated
oxidative stress and inflammatory damage in hepatocytes by
activating the Nrf2 antioxidant pathway, thereby promoting
Nrf2 nuclear translocation and the expression levels of down-
stream antioxidant enzymes, including SOD and GSH (25).

Salivary glands. In a rat model of T2DM, artemether
notably reduced inflammatory markers such as caspase-1 and
IL-1p in the salivary glands by inhibiting the NF-xB/NLRP3
pathway, improving oxidative stress and regulating oral
dysbiosis. This indicates that the anti-inflammatory effects of
artemether are not limited to traditional metabolic organs but
can also improve systemic multi-tissue microinflammation (74).

Systemic metabolic tissues. In db/db mice, artemisinin
effectively alleviated the inflammatory response associated
with glucose and lipid metabolism disorders by inhibiting
the MAPK signaling pathway, reducing the phosphoryla-
tion of p38, ERK1/2 and JNK and activating the PI3K/Akt
pathway (48).

Immune system. At the cellular immune level, artemisinin-
based drugs correct metabolic disorder-induced immune
imbalances by reshaping the phenotypic and functional
balance of immune cells and regulating the functions of
key cells in innate and adaptive immunity. DHA selectively
regulates adaptive immune cells by promoting CD4* T cell
proliferation and enhancing IFN-y* CD8* T cell activity,
while inhibiting germinal center B cell expansion and
reducing the number of circulating plasma cells and antibody
production. Therefore, DHA can coordinate immune activa-
tion and immune tolerance, thereby preventing excessive
immune responses from exacerbating metabolic damage and
maintaining immune homeostasis (75). Furthermore, the
artemisinin-derived compound [-aminoartemether maleate
(SM934) can balance the Th17/Treg cell ratio, promote Treg
differentiation and inhibit excessive Thl7 cell activation,
alleviating chronic low-grade inflammation mediated by
immune imbalance (41). Regarding the regulation of innate
immune cells, artemether upregulates interferon regulatory
factor 4 (IRF4) expression in rodent and non-human primate
models, promoting the polarization of macrophages toward
the anti-inflammatory M2 phenotype and inhibiting conver-
sion to the pro-inflammatory M1 phenotype. This M2-biased
polarization promotes IL-10 and TGF-f3 secretion to exert its
anti-inflammatory and tissue-repairing effects while reducing
the release of pro-inflammatory factors, such as TNF-a and
IL-1pB, alleviating the inflammatory response in vascular
restenosis. These observations suggest that artemisinin is
not a fixed anti- or pro-inflammatory agent; artemisinin is
an immunomodulator capable of dynamically adapting to the
tissue microenvironment and pathological state (76).

Non-MetS disease models. By contrast, in patients with
glioblastoma and a number of tumor models (including
models of breast, lung and cervical cancer in vitro, as well
as an in vivo breast cancer model), artesunate binds to heme
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Figure 3. Artemisinin and its derivatives suppress chronic inflammation and restore immune homeostasis through modulation of key signaling pathways and
immune cell differentiation. Artemisinin derivatives inhibit MAPK/NF-«B signaling, reducing pro-inflammatory cytokine and adhesion molecule production,
while activating PI3K/Akt/mTOR and Nrf2 pathways to reinforce antioxidant defenses. Artemisinin and its derivatives also attenuate NLRP3 inflammasome
activation, promote Treg differentiation and drive macrophage polarization from the M1 toward the M2 phenotype. Collectively, these actions alleviate chronic
inflammation and help restore immune balance in MetS. Created with BioRender.com. AMPK, AMP-activated protein kinase; Arg-1, arginase 1; CaMKK2,
calcium/calmodulin-dependent protein kinase kinase 2; CAT, catalase; GSDMD, gasdermin D; GSH, glutathione; HO-1, heme oxygenase-1; ICAM-1, intercel-
lular adhesion molecule-1; iNOS, inducible nitric oxide synthase; IRF4, interferon regulatory factor 4; IRFS5, interferon regulatory factor 5; MetS, metabolic
syndrome; MCP-1, monocyte chemoattractant protein-1; NLRP, nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing
protein; Nrf2, nuclear factor erythroid 2-related factor 2; ROS, reactive oxygen species; SOD, superoxide dismutase; Treg, regulatory T cell; Th17, T helper 17

cell; VCAM-1, vascular cell adhesion molecule-1.

to generate ROS, reversing tumor-associated macrophages
from an M2-like, tumor-promoting state toward an Ml-like,
pro-inflammatory and antitumor state. This phenotypic
shift reshapes the immune microenvironment and potenti-
ates antitumor immunity (77,78). In the context of malaria
infection, DHA promotes macrophage polarization toward
the M1 phenotype by activating NOD-like receptor family
pyrin domain-containing 12 (NLRP12), thereby enhancing
the host's ability to combat Plasmodium parasites and facili-
tating parasite clearance (79). Collectively, these observations
demonstrate that the immunomodulatory effects of artemisinin
derivatives on macrophage polarization are context-dependent.
Rather than exerting a fixed anti- or pro-inflammatory effect,
artemisinin derivatives function as immunomodulators that
differentially regulate macrophage phenotypes depending
on the pathological setting, tissue microenvironment and
disease context.

However, the poor water solubility and short half-lives of
artemisinin derivatives make it difficult to maintain sustained
effects for chronic inflammation (80,81). Furthermore, the
immunomodulatory effects of artemisinin-based drugs
are dose- and microenvironment-dependent. In a malaria

model, DHA induced M1 macrophage polarization via an
NLRPI12-dependent mechanism yet promoted M2 polariza-
tion in metabolic inflammation; the critical threshold for this
macrophage phenotypic switch remains undefined (79,82).
Future studies should focus on developing long-acting
sustained-release or targeted delivery systems to meet the
needs of chronic interventions. For instance, apigenin-loaded
nanoparticles nanocarriers may enhance the macrophage
targeting and M2 polarization regulation effects of artemisinin-
based drugs (83).

Regulation of the gut microbiota-metabolism axis.
Dysregulation of the gut microbiota-metabolism axis is a
key pathogenic mechanism underlying MetS. The gut-micro-
biota-metabolism axis mediates critical processes such as
bile acid reprogramming and tryptophan metabolism through
bi-directional pathways, including gut-liver and gut-spleen
interactions. Disruption of the gut-microbiota-metabolism
axis leads to abnormal metabolites, including secondary bile
acids, hydrogen sulfide and dysregulated short-chain fatty
acids, which are transmitted via the gut-systemic metabolic
axis, severely affecting the host's metabolic and immune
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Figure 4. Artemisinin and its derivatives preserve intestinal barrier integrity by upregulating tight junction proteins (ZO-1 and occludin) and boosting
short-chain fatty acids (butyrate and propionate) via GPR41/43 and PPARy, while regulating FXR/CYP7A1-mediated bile acid metabolism and restraining
endotoxin translocation to protect hepatic function through the gut-liver axis. Notably, gut microbiota-related pathways in this schematic are merely correla-
tional, lacking rigorous causal validation. Created with BioRender.com. CA, cholic acid; CDCA, chenodeoxycholic acid; CYP7A1, cholesterol 7a-hydroxylase;
DCA, deoxycholic acid; FXR, farnesoid X receptor; GPR41/43, G protein-coupled receptor 41/43; GSDMD, gasdermin D; LCA, lithocholic acid; NLRP,
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balance (84-88). Artemisinin and its derivatives have been
reported to modulate this axis, with effects associated with
microbiota-dependent pathways. By reshaping the gut micro-
biota structure, artemisinin and its derivatives optimize the
profile of microbial metabolites, regulate the bile acid signaling
axis, strengthen the barrier function of the gut-liver axis,
alleviate intestinal inflammation and ultimately contribute to
the restoration of gut microbiota homeostasis (Fig. 4).
Intestine. One animal study has shown that artemisinin
derivatives are associated with alterations in gut microbiota
composition. DHA enhances the a-diversity of the gut micro-
biota and reshapes the microbial ecosystem structure in mice
without causing pathological damage to the liver, kidneys or
intestines. DHA increases the abundance of Firmicutes and
Spirochaetes while reducing the proportion of Bacteroidetes
and Actinobacteria, and these compositional shifts are accom-
panied by anti-inflammatory and metabolic regulatory effects
at the functional level. Metabolic analysis has shown that DHA
reduces serum TG levels, with TG content exhibiting a positive
correlation with the abundance of Deferribacterota and a nega-
tive correlation with the abundance of Spirochaeta, suggesting
that the lipid-regulating effects of DHA are partially dependent
on gut microbiota remodeling (89). Conversely, artemether

increases the abundance of Lactobacillus while reducing
the abundance of pathogenic bacteria such as Helicobacter
and Prevotella. These changes are associated with AMPK
activation, inhibition of the mTOR/NF-xB pathway, reduced
pro-inflammatory factor levels and improved insulin resistance
and liver and pancreatic tissue damage, suggesting a potential
‘microbiota-metabolism-immunity’ axis that may contribute
to the effects of artemisinin-based drugs in the prevention
and treatment of T2DM (90). At the molecular level, several
pathways have been proposed to link artemisinin-based drugs
to the gut microbiota-metabolism axis, with the tryptophan
metabolic pathway being among the most studied. Artemether
can inhibit the tryptophan-kynurenine metabolic pathway
via a heme-dependent mechanism, blocking indoleamine
2,3-dioxygenase 1 (IDOI1) activity and reducing kynurenine
production. By binding to the heme-binding pocket of
IDO1 to inhibit enzyme activity, artemether alleviates
kynurenine-mediated inflammation and improves the redox
balance of intestinal cells (91). DHA increases the abundance
of butyrate-producing bacteria and butyrate levels, whereas
artemether increases the content of short-chain fatty acids
such as propionate and valerate. One potential mechanism is
that these short-chain fatty acids activate G protein-coupled
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receptor 41/43 (GPR41/43) receptors and the PPARY pathway,
which in turn enhances the expression levels of tight junction
proteins, such as zonula occludens-1 and occludin, in the colon
and reduces intestinal permeability. This could prevent endo-
toxins (for example LPS) from entering the bloodstream via
the gut and if so, might suppress chronic low-grade inflamma-
tion mediated by the gut-metabolic axis and thereby improve
insulin resistance (40,90,92).

Liver. Within the framework of the gut microbiota-metab-
olite axis, the gut-liver axis acts as an important signaling
conduit that transmits microbiota-derived metabolic signals
to the liver, and represents a plausible route through which
artemisinin and its derivatives exert hepatoprotective
effects. In terms of liver protection, DHA, as a farnesoid X
receptor (FXR) agonist, downregulates the expression level
of cholesterol 7a-hydroxylase (CYP7A1), which is a key
rate-limiting enzyme in the conversion of cholesterol to bile
acids, via FXR activation. Through this mechanism, DHA
could mitigate the liver damage caused by excessive bile
acid accumulation, alleviate hepatic steatosis and holisti-
cally protect liver function while controlling obesity (93-97).
Together, these pathways could conceivably constitute a
microbiota-metabolite-systemic immunity tripartite regula-
tory network, enabling artemisinin-based drugs to modulate
the gut microbiota-metabolite axis.

Spleen. Circulating metabolites originating from gut
microbiota can mediate systemic immune regulation, affecting
peripheral immune organs such as the spleen. At the immune
regulatory level, artemether can inhibit the activation of
pro-inflammatory macrophages, modulate the splenic immune
microenvironment and immune cell function and restore host
immune homeostasis (98).

Notably, the microbiota-related mechanisms discussed
are predominantly correlational and the specific contribu-
tions of gut microbiota remodeling to the metabolic effects
of artemisinin derivatives remain to be causally established.
Causal evidence for microbiota dependence remains tenuous,
as direct validation using germ-free animals, antibiotic deple-
tion studies or fecal microbiota transplantation have not yet
been reported. Clinical translation is still in its infancy, and
the relative merits of distinct artemisinin derivatives in modu-
lating the gut-liver axis remain unclear (99). Future research
should prioritize exploratory clinical trials built on the
microbiota-metabolite-immune axis to evaluate the long-term
impacts of treatment on gut microbiome stability.

Evidence grading and mechanism validation summary

Evidence stratification criteria. Evidence is tiered according
to the type of experimental disease models employed. Direct
metabolic disease models, namely db/db mice, T2DM rodents
and HFD-induced obese mice, generate the most robust
evidence to validate the metabolic regulatory functions of
artemisinin derivatives. Data obtained from NAFLD/NASH
and atherosclerosis models offer moderate supporting evidence;
these disorders share partial pathological features with MetS yet
come with intrinsic limitations due to incomplete pathological
overlap. Mechanistic clues derived from cancer and malaria
models remain indirect and preliminary, and further validation
in metabolic animal models is mandatory before definitive
conclusions related to MetS treatment can be established.
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Reliability grading of functional pathways. Multiple
pathways governing the metabolic effects of artemisinin deriv-
atives are fully validated in db/db mice, HFD-induced obesity
models and T2DM animals. The hepatic-skeletal muscle
PI3K/Akt-GLUT2/GLUTH4 axis optimizes glucose metabolism
and suppresses gluconeogenesis, as demonstrated in db/db mice
and HFD-induced obesity models (48,100,101). AMPK/Nrf2
alleviates oxidative stress-induced insulin resistance, the
MAPK/NF-kB pathway breaks the inflammation-insulin
resistance cycle and IRF4 reduces systemic inflamma-
tion by inducing M2 macrophage polarization, with these
mechanisms supported by studies in human retinal pigment
epithelial cells, bronchial epithelial cells, Nrf2-knockdown
experiments, and rodent and non-human primate models of
vascular restenosis (55,56,76). Collectively, these findings
constitute direct evidence, as they are derived from both
metabolic disease models and mechanistic loss-of-function
studies, thereby supporting the classification of these pathways
as well-supported.

A second set of pathways are supported by moderate
evidence, characterized only in NAFLD, ApoE"/ athero-
sclerotic and other analogous models without systematic
verification in MetS, resulting in inconsistent efficacy across
species. Hepatic AMPK-SREBP-Ic inhibits lipogenesis with
variable lipid-lowering effects, as observed in methionine- and
choline-deficient (MCD) diet-fed and HFD-fed murine NASH
models (60). The gut-liver FXR/CYP7A1 pathway improves
hepatic steatosis but lacks long-term validation in obese
MetS models, with evidence derived primarily from studies
using hepatocellular carcinoma cells and conventional rodent
models (93-97). Vascular KLF2/Nrf2/TCF7L2 prevents
atherosclerosis with unconfirmed hypoglycemic activity,
as demonstrated in ApoE/ mice fed a HFD (22). Hepatic
TLR4/NF-«B suppresses inflammation in Kupffer cells within
NASH models, yet its link to gut microbiota remains unclear,
and PPARa/CPT1 combined with EGFR/HSP90 alleviates
fatty liver with poor experimental reproducibility, based
on findings in MCD diet-fed mice and oleic acid/palmitic
acid-treated HepG2 cells (60,62-64).

The remaining pathways are supported only by indirect
speculative evidence, among which certain mechanisms
are summarized from malaria and tumor research. Most
intestinal-related mechanisms are also grouped in the present
review, including the microbiota-metabolism-immune
network, the tryptophan-kynurenine-IDO1 cascade and the
SCFA-GPR41/43-PPARYy intestinal barrier axis, as these
are backed solely by correlational results without causal
validation using germ-free animals or fecal microbiota
transplantation (89-92). Moreover, the inverse regulation of
PI3K/Akt/mTOR detected in melanoma cells highlights the
context-dependent pharmacological properties of artemis-
inin derivatives, indicating that findings from non-metabolic
disease models require further validation before extrapolation
to metabolic tissue (57).

4. Clinical applications and emerging therapeutic strategies
for artemisinin and its derivatives

Artemisinin and its derivatives have a well-established role
in malaria treatment, but their translation to MetS requires a
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distinct clinical framework focused on metabolic and inflam-
matory endpoints.

Candidate derivatives and formulation optimization. Among
artemisinin derivatives, SM934 represents not only a formu-
lation-optimized derivative with improved aqueous solubility
but is also a candidate with preclinical evidence in MetS.
In HFD-induced obese mice, SM934 reduced body weight
gain, improved glucose tolerance and insulin sensitivity and
decreased ectopic lipid deposition in the liver. Mechanistically,
SM934 inhibits a-enolase to lower phosphoenolpyruvate (PEP).
PEP stabilizes transforming growth factor-f3-activated kinase
1 to drive NF-kB-dependent inflammation, SM934 blocks this
cascade, curbing macrophage IL-1f secretion and lowering the
adipose M1/M2 ratio to relieve obesity-linked meta-inflam-
mation (102). Meanwhile, SM934 activates Nrf2 and represses
NF-kB/NLRP3 inflammasome signaling to restore overall
immune homeostasis (103). Phase I trials have supported the
favorable tolerability profile of SM934 in healthy participants
(registered under CTR20160932 and CTR20160933 in the
Drug Clinical Trial Registration and Information Disclosure
Platform; available a www.chinadrugtrials.org.cn), and a
Phase II trial in patients with systemic lupus erythematosus is
currently underway (41). In addition, SM934 has demonstrated
notable efficacy in various autoimmune and inflammatory
disease models, including systemic lupus erythematosus, rheu-
matoid arthritis, inflammatory bowel disease, membranous
nephropathy and dry eye syndrome (41).

Target patient phenotypes and clinical endpoints. MetS
encompasses a heterogeneous patient population and clinical
development should prioritize well-defined subgroups with
unmet needs. Polyendocrine metabolic ovarian syndrome
(PMOS) represents one of the most advanced clinical targets.
A single-arm pilot study in 19 patients with PMOS demon-
strated that 40 mg DHA three times daily for 12 weeks
normalized menstrual cycles in 63.16% of participants, while
also lowering total testosterone and reducing antral follicle
count (104). Metabolic dysfunction-associated fatty liver
disease (MAFLD) is another priority target. A proof-of-concept
trial (NCT07679542) is assessing whether DHA (20 mg three
times daily for 12 weeks) reduces liver fat in adults with
MAFLD, using MRI-proton density fat fraction-assessed
hepatic fat content as the primary endpoint (105). These
ongoing proof-of-concept studies in defined patient cohorts
represent the initial steps toward a dedicated clinical develop-
ment pathway for MetS. Candidate clinical endpoints for MetS
interventions should include enhanced insulin sensitivity,
as assessed by the homeostatic model assessment of insulin
resistance, improved glycemic control quantified by glycated
hemoglobin Alc, favorable lipid modifications (TG, LDL-C
and HDL-C), decreased inflammatory markers (IL-6 and
TNF-a) and ultimately, lowered cardiovascular event risk or
arrested T2DM progression.

Dosing, duration and long-term safety. Chronic MetS
management requires different dosing strategies from acute
malaria treatment. Evidence from a preclinical study suggests
that long-term drug exposure, rather than short-term peak
concentrations, is the primary driver of artemisinin-related
toxicity (106). Rapid oral elimination is therefore associated
with a more favorable safety profile compared with delayed

release from intramuscular formulations (107). Nevertheless,
a 15-year retrospective analysis of artemether-related adverse
events from the FDA Adverse Event Reporting System identi-
fied hemolytic anemia and hemolysis as the most frequently
reported events, with women showing a higher incidence of
reproductive-related events, including spontaneous abortion
and premature labor. Most adverse events occurred within
the first 30 days of artemether administration, with the most
affected systems being the hematologic and hepatobiliary
systems (108). To date, most clinical trials of artemisinin
derivatives have been limited to small-sample Phase I malaria
studies. Larger-scale Phase II/III trials are therefore needed
to comprehensively evaluate both efficacy and long-term
safety in metabolic populations. These findings underscore
the need for systematic long-term safety monitoring in future
MetS trials, including hematological, hepatic and reproductive
assessments.

Drug-drug interactions with standard MetS medications.
Patients with MetS frequently receive multiple concomitant
medications, including metformin, statins, SGLT2 inhibitors,
glucagon-like peptide-1 (GLP-1) receptor agonists and anti-
hypertensives. Artemisinin and its derivatives are primarily
metabolized by cytochrome P450 2B6 (CYP2B6) and cyto-
chrome P450 3A (CYP3A). Artemisinin can induce CYP2B6
and CYP3A4 protein expression, raising the potential for
pharmacokinetic interactions with co-administered drugs
metabolized by these pathways (109). Reduced enzyme func-
tion may lead to subtherapeutic concentrations of the active
metabolite DHA, potentially compromising treatment efficacy.
Interactions with cardiovascular, antibiotic and antiparasitic
agents have been reported, and clinicians should remain
vigilant for potential drug-drug interactions when repur-
posing these agents for chronic metabolic indications (110).
Systematic evaluation of interactions with standard MetS
medications (including metformin, statins, SGLT2 inhibitors
and GLP-1 receptor agonists) are therefore essential before
clinical adoption, with careful attention to patient stratification
and drug-drug interaction monitoring.

Antimalarial resistance risks. Expanding artemisinin use for
non-malarial indications raises legitimate concerns about accel-
erating antimalarial resistance. Evidence suggests that prolonged
or widespread use in malaria-endemic regions could exert
selection pressure on Plasmodium parasites (33). To mitigate
this risk, non-antimalarial derivatives with altered metabolic
profiles, such as SM934, which exhibits distinct immunosup-
pressive mechanisms independent of the antimalarial activity of
SM934, or formulations with shorter exposure windows should
be prioritized for MetS indications. Additionally, combination
regimens analogous to triple artemisinin combination therapies
could be considered to reduce resistance selection pressure in
chronic use settings (111). These efforts, combined with robust
resistance surveillance, will determine whether artemisinin
derivatives can successfully transition from antimalarial
agents to viable therapeutics for MetS.

5. Conclusion and outlook
The global prevalence of MetS shows a sustained and rapid

increasing trend. Between 2000 and 2023, MetS prevalence
between women and men globally rose from 14.7 to 31.0%
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and 9.0 to 25.7%, respectively. As of 2023, ~1.54 billion
adults worldwide were affected by MetS (112). This condition
increases the risk of T2DM, cardiovascular disease, NAFLD
and various types of cancer and poses a severe challenge to
global public health (113,114). Given the complex nature of
MetS, artemisinin and its derivatives have attracted research
attention as potential preclinical candidates, largely due to
their ability to affect multiple disease-related pathways. Their
mechanisms include improving insulin resistance, regulating
glucose and lipid metabolism, alleviating chronic inflamma-
tion and restoring gut microbiota homeostasis. These effects
involve signaling pathways including molecules, such as
AMPK, PI3K/Akt, NF-kB and MAPK, and gene regulation,
suchas SREBF1,PPARA,SLC2A2 and IRS1. Therefore,down-
regulating the expression levels of proteins such as TNF-a,
IL-1B, IL-6 and caspase-1, upregulating 1L-10 and TGF-§,
and regulating macrophage M1/M2 polarization, Th17/Treg
differentiation, tryptophan metabolism, short-chain fatty acid
production and the bile acid FXR/Takeda G protein-coupled
receptor 5 signaling axis is key. Tables I and II summarize the
roles of artemisinin and its derivatives in MetS-related models
(Table I presents direct evidence derived from MetS-related
models, whereas Table II summarizes indirect mechanistic
evidence obtained from non-MetS models).

Although artemisinin and its derivatives have demon-
strated potential in the treatment of MetS, several limitations
remain. First, regarding low bioavailability, artemisinin-based
drugs generally have poor water solubility and variable oral
absorption, leading to insufficient systemic exposure and
hindering their full therapeutic potential. Second, chronic
dosing regimens for MetS remain uncertain. Unlike the
short-course, high-dose regimens used for malaria treatment,
MetS would require long-term, sustained administration. The
appropriate dose, frequency and duration of treatment have not
been established, and the pharmacokinetic-pharmacodynamic
relationships under chronic dosing conditions remain poorly
understood. Third, there is a lack of high-quality, MetS-specific
clinical trials, with most studies focusing on the cellular and
animal experimental stages, whereas clinical research consists
primarily of single-arm exploratory trials with small samples,
and large-scale, controlled clinical trials are lacking. Such
trials would be needed to validate the long-term efficacy and
safety of artemisinin-based drugs. Fourth, long-term safety
profiles remain unclear. Studies have largely focused on
short-term efficacy observations and systematic evaluations
of potential toxicity. Delayed adverse reactions following
repeated use or long-term exposure have not been conducted.
Furthermore, in various animal studies, the therapeutic effects
of artemisinin and its derivatives vary with dose. Relatively
low doses may not produce toxicity, which is crucial for
determining a safe and effective dosage range. Fifth, possible
drug-drug interactions represent an understudied concern.
Artemisinin derivatives are known to modulate cytochrome
P450 enzymes, which could alter the metabolism of commonly
prescribed MetS medications, including statins, metformin
and antihypertensive agents. However, mechanistic and
clinical studies on such interactions remain scarce and the
associated risks are unclear. Sixth, evidence for specific popu-
lations is lacking, with a severe shortage of pharmacokinetic,
efficacy and safety data in vulnerable populations, such as

young children and pregnant women, limiting the widespread
clinical application of these drugs. Finally, the public health
issue of antimalarial resistance cannot be overlooked. While
artemisinin-based combination therapies remain the mainstay
of malaria treatment, partial resistance has emerged across
Africa and Southeast Asia (115). The long-term use of these
drugs for MetS could accelerate the spread of resistance,
necessitating careful risk assessment and consideration of
non-antimalarial derivatives or formulations with lower
antimalarial selection pressure. Notably, unlike conventional
artemisinins that are metabolized to DHA, a process linked
to parasite quiescence induction and resistance development,
non-antimalarial analogues such as 11-aza-artemisinins and
the artemisone/artemiside series do not generate DHA, yet
remain potent against multidrug-resistant strains, with no
detectable artemisone resistance and even greater efficacy
for artemiside, supporting their prioritization for metabolic
indications (116,117).

In summary, non-clinical research surrounding artemis-
inin and its derivatives has made progress; however, several
issues and limitations remain. Future efforts should focus on
addressing these challenges through in-depth research to eluci-
date the unclear molecular mechanisms, establishing the basis
for rational drug design. This approach should be combined
with long-term clinical trials to establish safety parameters
for long-term use. Concurrently, efforts should be directed
toward developing safe and efficient drug delivery systems
and exploring novel formulations to enhance bioavailability
and target specificity. This approach will facilitate the clinical
translation of artemisinin and its derivatives to interventions
for human disease.
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