
Nkola et al. Infectious Diseases of Poverty (2026) 15:87
https://doi.org/10.1186/s40249-026-01486-x

REVIEW Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Infectious Diseases of Poverty

Phytochemical synergy in artemisia annua 
herbal tea against malaria: a systematic 
review of its efficacy and safety in the context 
of emerging Pfkelch13 resistance
Jérôme Munyangi wa Nkola1,2*, Pierre Akilimali Zalagile3,4, Hendrick Lukuke Mbutshu5, 
Spartacus Kabala Munyemo6, Imani Ramazani Bin Eradi7,8 and Alioune Camara9,10 

Abstract 

Background  Emerging Plasmodium falciparum resistance to artemisinin derivatives, mediated principally by muta-
tions in the Pfkelch13 propeller domain, is reshaping the antimalarial therapeutic landscape across sub-Saharan 
Africa and the Greater Mekong subregion. Concurrently, whole-plant Artemisia annua herbal tea has re-emerged 
in malaria-endemic settings, prompting renewed scrutiny of its phytochemical matrix and its clinical performance 
relative to artemisinin-based combination therapy. The present systematic review synthesises the contemporary evi-
dence on the efficacy and safety of Artemisia annua herbal tea against P. falciparum malaria in the context of emerg-
ing Pfkelch13 resistance, and delineates the priorities for future clinical, phytochemical, and resistance-monitoring 
research on the basis of that synthesis.

Methods  A PRISMA-2020-compliant systematic review was conducted across six databases for the period January 
2000 to December 2025. Randomised controlled trials, quasi-experimental studies, in vitro phytochemical synergy 
assays, and rodent Plasmodium infection models were eligible. Two reviewers screened, extracted, and quality-rated 
the studies independently (Cohen’s κ =0.83) using RoB 2.0, Newcastle–Ottawa, and the RITAM stacking criteria. 
A qualitative narrative synthesis with GRADE-style confidence rating across twelve outcomes was performed.

Results  Thirty studies were retained. Mechanistically, whole-plant A. annua delivers over forty co-extracted phyto-
chemicals that act through multiple, partly redundant antimalarial targets. Chou–Talalay combination indices below 1 
were documented for artemisinin co-administered with luteolin (Combination index, CI = 0.36), quercetin (CI = 0.42), 
and casticin (CI = 0.58) at a 1:3 molar ratio, and whole-plant IC50 values were 3–5 × lower than those of equivalent-
concentration purified artemisinin on 3D7, chloroquine-resistant, and multidrug-resistant strains. In Pfkelch13-mutant 
rodent P. falciparum lines, stable resistance to whole-plant therapy emerged three times more slowly than to equiv-
alent-dose purified dihydroartemisinin. Clinically, retained randomised trials demonstrated rapid initial parasite 
clearance within 72 h—Mueller day-7 cure 74% vs 91% (quinine); Blanke day-7 cure 7/10 vs 7/9 and day-28 cure 1/9 
(11.1%); Magalhães first-day parasitaemia-negative at ~ 175 mg cumulative artemisinin— but day-28 parasitological 
cure rates of A. annua monotherapy fell consistently below the 95.5–98.6% artemisinin-based combination therapy 
(ACT) benchmark band wherever directly reported [Blanke 1/9 (11.1%) vs sulfadoxine–pyrimethamine 3/8 (37.5%); 
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Magalhães 0/7 sustained cure]. The Mueller 2004 trial did not directly report day-28 parasitological cure as a primary 
endpoint; an end-of-follow-up recrudescence of approximately 26% overall precludes direct day-28 numerical bench-
marking but is consistent with a sustained-cure extrapolation of ~ 74% at that horizon—a derived figure numerically 
coincident with the Mueller day-7 cure rate that should not be conflated with a directly measured day-28 endpoint. 
Adverse events were predominantly mild (bitter taste, transient GI discomfort), with no serious events recorded in any 
retained study; safety data for children under five, pregnant or lactating women, and patients with hepatic or renal 
co-morbidity remain critically insufficient.

Conclusions  Whole-plant A. annua herbal tea achieves reproducible early parasitological clearance and preserves 
the multi-target pharmacological substrate whose pre-clinical resistance-modulation profile (three-fold slower 
resistance emergence in Pfkelch13-mutant murine lines) is biologically coherent with a Pfkelch13-modulating effect, 
although this effect has not yet been clinically reproduced in Pfkelch13-endemic African settings. The ≥ 84-percent-
age-point day-28 cure-rate gap between directly-reported A. annua monotherapy and the African ACT benchmark 
band frames the present-day clinical use of A. annua infusion as a complementary or adjourning intervention rather 
than a replacement for ACT. This positioning is preserved while Pfkelch13-stratified randomised trials, vulnerable-pop-
ulation safety studies, and population-scale molecular resistance surveillance are designed and executed.

Keywords  Artemisia annua, Whole-plant herbal tea, Malaria, Plasmodium falciparum, Pfkelch13, Phytochemical 
synergy, Systematic review, Artemisinin-based combination therapy benchmark, Matrix effect

Background
Malaria persists as one of the most consequential infec-
tious diseases globally, with Plasmodium falciparum 
responsible for the overwhelming majority of approxi-
mately 240 million annual cases and 600,000 deaths 
reported worldwide each year, a burden disproportion-
ately concentrated in sub-Saharan Africa [1, 2]. Although 
vector management interventions, prompt diagnostic 
tools, and extensive deployment of artemisinin-based 
combination therapies have driven substantial reduc-
tions in malaria-attributable morbidity over the past two 
decades, the global incidence curve has plateaued at an 
unacceptably elevated baseline. The most recent Global 
Burden of Disease synthesis indicates that between 1990 
and 2021 the worldwide age-standardised incidence rate 
declined at an average annual pace of only − 7.25%, with 
the most prominent gains concentrated in lower-trans-
mission settings of South-East Asia and South America 
rather than in the high-transmission belt of sub-Saharan 
Africa [3, 4]. Recent WHO surveillance syntheses further 
suggest a renewed upward drift in case counts across 
several sub-Saharan African countries, driven by a con-
vergence of biological, ecological, and structural pres-
sures that is now reshaping the operational landscape of 
malaria control [5–7].

The cornerstone of contemporary case management, 
artemisinin-based combination therapy, is itself under 
unprecedented pharmacological strain. Artemisinin par-
tial resistance, formally defined as delayed parasite clear-
ance rather than complete treatment failure, was first 
substantiated in western Cambodia in the late 2000 s and 
has since emerged independently across multiple African 
settings, with validated and candidate propeller-domain 

mutations in the P. falciparum Kelch-13 gene now docu-
mented in Rwanda, Uganda, Eritrea, Tanzania, Ethiopia, 
and the broader East and Horn of Africa region [8–14]. 
The R561H, A675V, C469Y, and the more recently 
reported R662I alleles have been associated with meas-
urable decreases in artemisinin activity, and longitudinal 
molecular surveillance has shown that the prevalence of 
these markers is rising in every existing cluster where 
they have been identified, including in southern Africa [9, 
10, 13, 15]. A recent spatiotemporal modelling study esti-
mated that more than 10% of the area of endemic malaria 
transmission in sub-Saharan Africa carried Pfkelch13 
mutations conferring artemisinin partial resistance in 
2026, and projected that, if current trajectories remain 
unchecked, mean ACT treatment failure across the con-
tinent could approach 31% by 2060, with over 52 mil-
lion absolute treatment failures attributable to combined 
artemisinin and partner-drug resistance [16, 17]. These 
projections put into sharp relief the urgency of identify-
ing complementary therapeutic strategies whose phar-
macological architecture is intrinsically less susceptible 
to single-target escape than conventional ACT.

Compounding the resistance threat, a parallel set of 
convergent pressures continues to erode the operational 
effectiveness of contemporary control tooling. Socio-
economic deprivation and chronically under-resourced 
health systems limit consistent access to prophylaxis and 
effective treatment; climate- and ecology-driven shifts in 
vector distribution are expanding the geographic range 
of Anopheles mosquitoes, including the urban-adapted 
An. stephensi; insecticide resistance is now well-estab-
lished across major vector populations; and parasites 
harbouring Pfhrp2 (histidine-rich protein-2) and Pfhrp3 
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(histidine-rich protein-3) gene deletions evade the cor-
responding rapid diagnostic tests, as documented lon-
gitudinally in Rukara, Rwanda [7, 9, 18]. Global external 
funding for malaria control has contracted sharply in 
recent cycles, leaving national control programmes 
increasingly vulnerable to biological setbacks that were 
once buffered by sustained financial support, and recent 
commentaries note that the present convergence bears 
structural similarities to the period preceding chloro-
quine failure across sub-Saharan Africa in the late twen-
tieth century [7, 18]. Taken together, this convergence 
of biological resistance, ecological expansion, diagnostic 
evasion, and fiscal contraction has prompted renewed 
scientific interest in affordable, locally producible, multi-
component therapeutic modalities whose pharmacologi-
cal diversity may offset the failure modes of single-agent 
interventions.

Against this backdrop, Artemisia annua L., historically 
designated qinghao (青蒿) in classical Chinese medicine 
and used for centuries as a hot-water infusion to treat 
febrile illnesses and malaria, represents both the histori-
cal precursor of modern artemisinin pharmacology and 
a candidate contemporary intervention whose pharma-
cological architecture differs qualitatively from purified 
ACT [19–21]. The empirical preparation involves steep-
ing the dried leaves or aerial parts in hot water, a process 
that liberates artemisinin alongside a chemically diverse 
spectrum of secondary metabolites including flavonoids, 
coumarins, sesquiterpenes, and polysaccharides [22, 23]. 
However, the total artemisinin yield of these infusions is 
exquisitely sensitive to edaphic conditions, harvest tim-
ing, post-harvest drying protocols, and storage duration: 
a metabolomic survey of teas cultivated across ten loca-
tions in Benin and one Mediterranean site documented 
artemisinin concentrations ranging from approximately 
0.3  mg/L to 15.7  mg/L, with post-harvest losses of 
24–48% measured over a single year of storage [22]. Such 
pronounced pharmacological heterogeneity has direct 
implications for therapeutic reproducibility, for the bio-
availability of artemisinin and its co-extracted constitu-
ents, and, most critically, for the long-term effectiveness 
of any resistance-containment strategy that relies on arti-
sanal preparations of this kind [24, 25].

The transition from empirical infusions to standard-
ised pharmaceutical preparations is mediated through 
several distinct methodologies, each yielding a character-
istic phytochemical fingerprint that differentially modu-
lates the in  vivo antiplasmodial activity of artemisinin. 
Conventional solvent extraction with ethanol or metha-
nol is particularly effective for co-extracting artemisinin 
together with polar flavonoids and other polyphenols, 
both of which are now recognised as major contributors 
to the matrix effect [23, 26]. Supercritical fluid extraction 

with carbon dioxide (SFE-CO₂) provides a high-purity, 
solvent-free alternative that preserves the integrity of 
heat-sensitive sesquiterpenes, enables selective fractiona-
tion of the plant matrix, and is increasingly considered 
the method of choice for high-grade pharmaceutical pro-
duction [27]. Maceration, although slower, remains the 
dominant modality in community and resource-limited 
settings, where it preserves the broad phytochemical pro-
file of the plant without reliance on industrial infrastruc-
ture [21, 28]. Methodological choice is therefore not a 
neutral technical decision: it measurably shapes the anti-
malarial fingerprint of the final preparation, and accu-
mulating evidence indicates that the non-artemisinin 
fraction can both potentiate and limit the antimalarial 
effect of any given preparation in ways that are not pre-
dictable from artemisinin content alone [22, 29].

The pharmacological premise underlying whole-plant 
Artemisia annua preparations extends well beyond their 
nominal artemisinin content. More than forty co-occur-
ring secondary metabolites contribute to a multi-tar-
geted biological assault on P. falciparum, with flavonoids, 
coumarins, and additional sesquiterpenes operating in 
concert with artemisinin to elevate intracellular drug 
concentrations, to inhibit parasite cytochrome P450 
isoform 3A4 (CYP3A4)-mediated detoxification, and to 
suppress PfMDR1 (P. falciparum multidrug-resistance 
transporter 1)-mediated efflux of the artemisinin-derived 
reactive intermediates [23, 26]. Recent molecular work 
has further demonstrated that artemisinin resistance 
is mechanistically rooted in the reduced heme-binding 
affinity of mutant Pfkelch13 propeller domains, in the 
consequent decrease in artemisinin activation, and in the 
alterations of intra-parasitic oxidative homeostasis that 
follow [30–32].

Although direct empirical demonstration in whole-
plant preparations remains incomplete, this mechanistic 
substrate suggests that a pharmacologically distributed 
matrix should partially offset the resistance advantage 
conferred by any single Pfkelch13 mutation, because 
the simultaneous engagement of multiple molecular tar-
gets raises the genetic barrier against complete resist-
ance fixation [23, 25, 26]. This distributed pressure, what 
has been termed plant-based artemisinin combination 
therapy (pACT), reproduces, within a single botanical 
matrix, the combinatorial molecular logic that underpins 
conventional ACT and that has proven durable in other 
antimicrobial contexts [18, 25, 26]. Notwithstanding this 
promise, prudent integration of A. annua whole-plant 
preparations into formal malaria-control programmes 
requires a sound methodological framing, a transparent 
synthesis of the clinical, pre-clinical, and phytochemi-
cal evidence base, and a structured assessment of the 
certainty of each pre-specified outcome. The present 
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qualitative systematic review, which was prospectively 
registered in the International Prospective Register of 
Systematic Reviews under record ID CRD420251128231, 
conforms to the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) 2020 report-
ing framework and synthesises the evidence in narrative 
form; it addresses this need by mapping the contempo-
rary African Pfkelch13 landscape against the available 
evidence on whole-plant A. annua preparations, and by 
delineating, on this basis, the priorities for future clinical, 
phytochemical, and resistance-monitoring research.

Methodology
This review was prospectively registered in Interna-
tional Prospective Register of Systematic Reviews 
(PROSPERO) at the University of York under record ID 
CRD420251128231 (registration date: 2025-11-25; last 
update: 2025-12-15) [33]. The protocol is publicly avail-
able at https://​www.​crd.​york.​ac.​uk/​PROSP​ERO/​view/​
CRD42​02511​28231. All registration metadata register 
name, record ID, registration date, last update date, origi-
nal language of protocol, review title, review question, 
search scope including the December 2025 search win-
dow, population, intervention, comparator, outcomes, 
study designs, methodological quality assessment instru-
ments, conflict-of-interest declarations, and data syn-
thesis strategy are reproduced in full in Supplementary 
Annex G. The review is qualitative in nature; it does not 
perform pooled quantitative meta-analysis.

Eligibility criteria
Studies were selected against a five-component PICOS 
schema covering Population, Intervention, Compara-
tor, Outcomes, and Study design. The detailed PICOS 
extraction for each of the 30 retained records, includ-
ing the PRISMA 2020 checklist item 5 endorsement, is 
reproduced in Supplementary Annex A and operational-
ised in Supplementary Annex C. The population of inter-
est comprised patients of either sex aged six months or 
older with uncomplicated P. falciparum malaria (parasite 
density ≥ 100 asexual parasites µl⁻1 confirmed by Giemsa-
stained thick-film microscopy or PfHRP2-based rapid 
diagnostic test, with no signs of severe malaria as defined 
by WHO 2023 criteria), or, for the pre-clinical compo-
nent of the review, P. falciparum reference strains (3D7 
chloroquine-sensitive reference strain; Dd2; W2) cul-
tured in  vitro under standard RPMI-1640 conditions or 
maintained in murine models (Swiss Webster, BALB/c, 
and SCID mice infected with P. berghei ANKA or with 
adapted P. falciparum Pf3D7-adapted lines). The inter-
vention criterion encompassed any herbal preparation 
of whole-plant Artemisia annua delivered as an aque-
ous infusion (typically prepared at 5 g/L or 9 g/L of dried 

leaves, with decoction times ranging from 5 to 30 min), 
as a standardised decoction, or as a dried-leaf powder 
administered orally, provided that the original source 
documented the preparation protocol with sufficient 
granularity to permit replication [20, 21].

The comparator criterion allowed artemisinin-based 
combination therapy (AL: artemether–lumefantrine, 
ASAQ: artesunate–amodiaquine, DHA-PQ: dihydroar-
temisinin–piperaquine, ASMQ: artesunate–mefloquine, 
or PA: pyronaridine–artesunate), quinine, sulfadox-
ine–pyrimethamine, chloroquine, purified artemisinin 
in monotherapy, or no comparator in the case of single-
arm pre-clinical studies. The outcomes of interest com-
prised parasitological clearance at days 3, 7, 14, and 28 
(the consensus WHO day-28 polymerase chain reaction-
corrected endpoint being the primary parasitological 
efficacy measure); recrudescence rate; fever-clearance 
time; in  vitro half-maximal inhibitory concentration 
(IC50) values at 72  h of drug exposure; Combination 
Index values calculated by the Chou–Talalay mass-action 
law where applicable; pharmacokinetic parameters 
including maximum plasma concentration, area under 
the plasma concentration–time curve, and elimina-
tion half-life (t½); safety and tolerability endpoints; and, 
where reported, molecular resistance markers including 
Pfkelch13 propeller-domain mutations (R561H, A675V, 
M476I, P553L, C580Y) [8, 9, 34]. The study-design cri-
terion restricted eligibility to randomised controlled tri-
als, non-randomised prospective cohorts, retrospective 
cohorts, in vitro assays, and murine in vivo experiments 
that reported original data; commentaries, narrative-only 
reviews, conference abstracts without underlying data, 
and studies of isolated artemisinin derivatives that lacked 
a whole-plant A. annua comparator were excluded. The 
temporal coverage of the review spanned 2004–2025, 
with explicit priority for the 2021–2025 window docu-
menting the contemporary African Pfkelch13 resistance 
landscape [9, 34]. The complete selection flow diagram 
(100 records identified → 14 duplicates removed → 86 
records screened → 46 excluded at title and abstract → 40 
full-text reports sought → 10 excluded at eligibility → 30 
studies included in qualitative synthesis) is reported as a 
PRISMA 2020 flow figure in the body of the manuscript, 
with itemised reasons for the 46 + 10 exclusions repro-
duced in Supplementary Annex E.

Information sources and search strategy
Four electronic bibliographic databases were interro-
gated in parallel: PubMed, ScienceDirect, the Cochrane 
Library, and Google Scholar (used for citation tracking 
rather than as a primary index), supplemented by Cairn.
info for the Francophone corpus (returning n = 0 records) 
and by hand-searching of the WHO Global Malaria 
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Programme databases. Epidemiological context for the 
search was cross-referenced against the World Malaria 
Report 2025 [7] and the 2025 Lancet Microbe editorial 
titled "We have the means to beat malaria, do we have 
the will?" [18]. The search architecture combined four 
semantic clusters A. annua, artemisinin, qinghao, and 
sweet wormwood in the first cluster; infusion, decoction, 
tea, herbal preparation, and phytomedicine in the second; 
malaria, P. falciparum, and uncomplicated malaria in the 
third; and efficacy, safety, pharmacokinetics, synergy, 
and resistance in the fourth articulated through Boolean 
AND/OR operators across clusters and restricted to pub-
lications in English and French between 2000 and 2025 
(the 2000 lower bound being selected to capture the 
foundational phytochemistry literature on A. annua infu-
sions predating the index case of the present clinical syn-
thesis). The fully reproducible Boolean query string for 
each of the four bibliographic databases, the explicit date 
of last search for each source, the database-specific filters 
applied (species = Homo sapiens; document type = article 
and review; language = English, French), the number of 
records identified per source, and the duplicate-removal 
step are reproduced verbatim in Supplementary Annex B, 
Table 1. Beyond the electronic-database outputs, citation 
searching within retrieved records and hand-searching of 
the reference lists of the principal resistance-monitoring 
papers [34, 35] complemented the retrieved records, in 
accordance with the PRISMA 2020 search-extension 
principle endorsed for African antimalarial resistance-
surveillance reviews. Duplicate records were identified 
and removed using EndNote version 20, supplemented 
by manual de-duplication in the reference manager for 
records mis-duplicated by automated matching. The 30 
records ultimately retained for inclusion are catalogued 
in Supplementary Annex C, and the precise PICOS 
extraction including the A. annua cultivar identifier, leaf-
to-water ratio, decoction time, and artemisinin content 
per litre is captured in Supplementary Annex C.

Study selection and data extraction
Two reviewers screened titles and abstracts indepen-
dently in Covidence against the PICOS criteria, with 
inter-reviewer agreement quantified by the Cohen kappa 
coefficient (target value of 0.75 or higher); actual kappa 
was κ = 0.83, exceeding the pre-specified threshold. Full-
text reports were retrieved for any record that received 
"include" or "uncertain" from at least one reviewer; con-
flicts were first addressed through consensus between 
the two reviewers, and, when consensus could not be 
reached, by recourse to a third senior reviewer, in line 
with the gatekeeping pattern endorsed for African anti-
malarial resistance-surveillance reviews [35]. The com-
plete per-study extraction grid capturing study design, 

country, sample size, population characteristics, inter-
vention details (cultivar, leaf-to-water ratio, decoction 
time, artemisinin content per litre), comparators, clinical 
and parasitological outcomes (day-7 and day-28 parasi-
tological clearance, recrudescence rate, fever-clearance 
time), Pfkelch13 mutation screening results where 
reported, safety signals, and funding source is repro-
duced in full across 32 rows in Supplementary Annex 
C. Data extraction was conducted independently by the 
same two reviewers onto a pre-piloted, standardised 
extraction sheet that captured study design, population 
characteristics, intervention details [20, 21], compara-
tors, clinical and parasitological outcomes, Pfkelch13 
mutation screening where reported [9, 34], and fund-
ing source. The full PICOS extraction for each retained 
record is the heart of this review and is presented in Sup-
plementary Annex C. The Cochrane Risk of Bias tool ver-
sion 2.0 (RoB 2.0) was applied to randomised trials at the 
extraction stage; older randomised trials that had origi-
nally been appraised under the Risk of Bias 1.0 instru-
ment retained their original appraisal score to preserve 
historical comparability across the foundational trials 
reported by Mueller and colleagues [36] and by Blanke 
and colleagues [24]. The list of records excluded at both 
screening (n = 46) and eligibility (n = 10) stages, catego-
rised by reason and including record-level identification 
for the latter, is reproduced in Supplementary Annex E, 
with the 46 record-level exclusions at screening grouped 
by category (pure artemisinin derivatives without whole-
plant comparator; non-malarial infection focus; Artemi-
sia species other than A. annua; veterinary/agricultural 
studies; and non-empirical literature types) and the 10 
record-level exclusions at full-text retrieval enumerated 
individually as items E1–E10.

Methodological quality assessment
Quality appraisal was stratified by study design. Human 
randomised controlled trials were assessed with the 
Cochrane RoB 2.0 instrument, using the trial designs 
reported by Mueller and colleagues [36], by Blanke and 
colleagues [24], and by Melillo de Magalhães and col-
leagues [28] as reference implementations. Human obser-
vational studies (cross-sectional surveillance of Pfkelch13 
markers; cohort event monitoring of pyronaridine–
artesunate) were appraised with a ROBINS-I-aligned 
appraisal grid. Pre-clinical studies, encompassing both 
in vitro work against the 3D7, Dd2, and W2 strains of P. 
falciparum and in vivo work in Swiss Webster, BALB/c, 
and SCID mouse models, were assessed using a New-
castle–Ottawa Scale variant adapted to phytomedicine 
[26], specifically configured to capture phytomedicine-
specific risks such as preparation heterogeneity, adultera-
tion, and cultivar-dependent variability in artemisinin 



Page 6 of 30Nkola et al. Infectious Diseases of Poverty (2026) 15:87

Ta
bl

e 
1 

Su
m

m
ar

y 
of

 k
ey

 s
tu

di
es

 e
va

lu
at

in
g 

th
e 

cl
in

ic
al

 a
nd

 p
re

-c
lin

ic
al

 e
ffi

ca
cy

 o
f w

ho
le

-p
la

nt
 A

rt
em

isi
a 

an
nu

a 
he

rb
al

 te
as

 a
ga

in
st

 u
nc

om
pl

ic
at

ed
 P

la
sm

od
iu

m
 fa

lc
ip

ar
um

 
m

al
ar

ia
, r

an
ke

d 
by

 s
tu

dy
 d

es
ig

n 
an

d 
qu

al
ity

-a
pp

ra
is

al
 ti

er

AC
T​ 

ar
te

m
is

in
in

-b
as

ed
 c

om
bi

na
tio

n 
th

er
ap

y,
 C

YP
3A

4 
cy

to
ch

ro
m

e 
P4

50
 is

of
or

m
 3

A
4,

 H
PL

C–
M

S 
hi

gh
-p

er
fo

rm
an

ce
 li

qu
id

 c
hr

om
at

og
ra

ph
y 

co
up

le
d 

to
 m

as
s 

sp
ec

tr
om

et
ry

, N
O

S 
N

ew
ca

st
le

–O
tt

aw
a 

Sc
al

e,
 R

IT
AM

 R
es

ea
rc

h 
In

iti
at

iv
e 

on
 T

ra
di

tio
na

l A
nt

im
al

ar
ia

l M
et

ho
ds

, R
oB

 C
oc

hr
an

e 
Ri

sk
 o

f B
ia

s 
(1

.0
/2

.0
), 

SC
ID

 s
ev

er
e 

co
m

bi
ne

d 
im

m
un

od
efi

ci
en

cy

Fi
rs

t a
ut

ho
r, 

ye
ar

St
ud

y 
de

si
gn

Po
pu

la
tio

n/
M

od
el

Q
ua

lit
y 

ap
pr

ai
sa

l (
Ro

B/
N

O
S/

RI
TA

M
)

In
te

rv
en

tio
n 

(w
ho

le
-p

la
nt

 
pr

ep
ar

at
io

n)
Ke

y 
effi

ca
cy

 fi
nd

in
gs

M
ue

lle
r e

t a
l., 

20
04

 [4
]

Ra
nd

om
is

ed
 p

ar
al

le
l t

ria
l (

Ro
B 

1.
0)

n 
=

 1
54

 a
du

lts
, u

nc
om

pl
ic

at
ed

 
P. 

fa
lc

ip
ar

um
Lo

w
 ri

sk
 o

f b
ia

s 
(C

oc
hr

an
e 

Ro
B 

1.
0)

In
fu

si
on

 o
f 5

 g
/L

 o
r 9

 g
/L

 d
rie

d 
he

rb
; 1

 L
/d

ay
 ×

 7
 d

D
ay

-7
 c

ur
e 

74
%

 v
s 

91
%

 
(q

ui
ni

ne
); 

ra
pi

d 
pa

ra
si

te
 c

le
ar

-
an

ce
 in

 b
ot

h 
ar

m
s; 

re
cr

ud
es

-
ce

nc
e 

~
 2

6%
 b

y 
en

d-
of

-fo
llo

w
-

up
; d

ay
-2

8 
pa

ra
si

to
lo

gi
ca

l c
ur

e 
no

t d
ire

ct
ly

 re
po

rt
ed

; s
us

ta
in

ed
-

cu
re

 e
xt

ra
po

la
tio

n 
at

 d
ay

-2
8 

ho
riz

on
 c

on
si

st
en

t w
ith

 ~
 7

4%
 

bu
t n

ot
 d

ire
ct

ly
 m

ea
su

re
d

Bl
an

ke
 e

t a
l., 

20
08

 [5
]

Ra
nd

om
is

ed
 d

ou
bl

e-
bl

in
d 

tr
ia

l 
(R

oB
 1

.0
)

n 
=

 1
9 

pa
tie

nt
s 

(1
0 

A.
 a

nn
ua

 +
 9

 
su

lfa
do

xi
ne

–p
yr

im
et

ha
m

in
e)

, 
un

co
m

pl
ic

at
ed

 P
. f

al
ci

pa
ru

m

Lo
w

 ri
sk

 o
f b

ia
s 

(C
oc

hr
an

e 
Ro

B 
1.

0)
In

fu
si

on
 o

f 5
 g

/L
 d

rie
d 

le
av

es
; 

1 
L/

da
y 

×
 7

 d
Ra

pi
d 

cl
in

ic
al

 re
sp

on
se

; d
ay

-2
8 

cu
re

 1
/9

 (1
1.

1%
) v

s 
3/

8 
(3

7.
5%

) 
fo

r s
ul

fa
do

xi
ne

–p
yr

im
et

ha
m

in
e;

 
hi

gh
 re

cr
ud

es
ce

nc
e

M
el

ill
o 

de
 M

ag
al

hã
es

 e
t a

l., 
20

16
 [6

]
Ra

nd
om

is
ed

 c
on

tr
ol

le
d 

tr
ia

l
n 

=
 5

3 
ad

ul
ts

, u
nc

om
pl

ic
at

ed
 P

. 
fa

lc
ip

ar
um

So
m

e 
co

nc
er

ns
 (C

oc
hr

an
e 

Ro
B 

2.
0)

A.
 a

nn
ua

 in
fu

si
on

 in
 s

ta
nd

ar
d-

is
ed

 B
ra

zi
lia

n 
pr

ep
ar

at
io

n
N

on
-in

fe
rio

rit
y 

ag
ai

ns
t A

C
T 

no
t m

et
 a

t d
ay

 2
8

H
ei

de
, 2

00
6 

[2
5]

A
na

ly
tic

al
M

ul
tip

le
 A

. a
nn

ua
 c

ul
tiv

ar
s 

an
d 

tr
ad

iti
on

al
 te

a 
pr

ep
ar

at
io

ns
H

ig
h 

an
al

yt
ic

al
 q

ua
lit

y
St

an
da

rd
is

ed
 d

ec
oc

tio
n 

pr
ot

oc
ol

s
Q

ua
nt

ifi
ed

 a
rt

em
is

in
in

 y
ie

ld
 

va
ria

bi
lit

y ~
 0

.1
 to

 4
8 

m
g/

L 
ra

ng
e 

ac
ro

ss
 c

ul
tiv

ar
s 

an
d 

ha
rv

es
t 

co
nd

iti
on

s; 
co

nt
ro

lle
d-

ba
tc

h 
H

PL
C

–M
S 

qu
an

tifi
ca

tio
n 

at
 4

7.
5 

±
 0

.8
 m

g/
L 

[1
]

 E
lfa

w
al

 e
t a

l., 
20

12
 [4

2]
In

 v
iv

o 
m

ur
in

e
P. 

fa
lc

ip
ar

um
-in

fe
ct

ed
 S

C
ID

 
m

ic
e

N
ew

ca
st

le
–O

tt
aw

a 
Sc

al
e 

ad
ap

te
d 

(h
ig

h)
O

ra
l d

rie
d 

w
ho

le
-p

la
nt

 A
. 

an
nu

a 
le

av
es

W
ho

le
-p

la
nt

 m
or

e 
eff

ec
tiv

e 
th

an
 e

qu
iv

al
en

t p
ur

ifi
ed

 d
ih

y-
dr

oa
rt

em
is

in
in

; s
up

er
io

r i
n 

de
la

y-
in

g 
re

si
st

an
ce

 e
m

er
ge

nc
e

 E
lfa

w
al

 e
t a

l., 
20

15
 [2

8]
In

 v
iv

o 
m

ur
in

e
P. 

fa
lc

ip
ar

um
 li

ne
s 

w
ith

 a
rt

e-
m

is
in

in
-r

es
is

ta
nt

 p
he

no
ty

pe
N

ew
ca

st
le

–O
tt

aw
a 

Sc
al

e 
ad

ap
te

d 
(h

ig
h)

O
ra

l d
rie

d 
w

ho
le

-p
la

nt
 A

. 
an

nu
a 

su
sp

en
si

on
Sl

ow
ed

 e
m

er
ge

nc
e 

of
 re

si
st

an
t 

pa
ra

si
te

s; 
pa

rt
ia

lly
 o

ve
rc

am
e 

pr
e-

ex
is

tin
g 

ar
te

m
is

in
in

 re
si

st
an

ce

 S
ub

er
u 

et
 a

l., 
20

13
 [1

]
In

 v
itr

o 
co

m
bi

na
tio

n 
st

ud
y

P. 
fa

lc
ip

ar
um

 3
D

7 
(d

ru
g-

se
ns

iti
ve

) p
lu

s 
ch

lo
ro

qu
in

e-
 

an
d 

m
ul

tid
ru

g-
re

si
st

an
t s

tr
ai

ns

M
ul

tip
le

 IC
₅₀

 re
pl

ic
at

es
; C

ho
u–

Ta
la

la
y 

fra
m

ew
or

k
A

qu
eo

us
 in

fu
si

on
 v

s 
pu

ri-
fie

d 
ar

te
m

is
in

in
 a

t e
qu

iv
al

en
t 

co
nc

en
tr

at
io

n;
 c

om
bi

na
tio

ns
 

w
ith

 q
ue

rc
et

in
, l

ut
eo

lin
, c

as
-

tic
in

, a
rt

ea
nn

ui
n 

B

W
ho

le
-p

la
nt

 3
–5

 ×
 m

or
e 

po
te

nt
 

th
an

 e
qu

iv
al

en
t p

ur
e 

ar
te

-
m

is
in

in
; c

om
bi

na
tio

n 
in

di
ce

s <
 1

 
at

 a
rt

em
is

in
in

:fl
av

on
oi

d 
ra

tio
 1

:3

 R
as

oa
na

iv
o 

et
 a

l., 
20

11
 [2

]
M

ec
ha

ni
st

ic
/n

ar
ra

tiv
e 

re
vi

ew
M

ul
tip

le
 P

. f
al

ci
pa

ru
m

 s
tr

ai
ns

N
ar

ra
tiv

e 
re

vi
ew

 q
ua

lit
y

W
ho

le
-p

la
nt

 e
xt

ra
ct

s 
vs

 s
in

gl
e-

co
m

po
un

d 
fo

rm
ul

at
io

ns
Po

ly
ph

en
ol

s 
in

hi
bi

t p
ar

as
ite

 
cy

to
ch

ro
m

e 
P4

50
 (C

YP
3A

4)
; 

pr
ol

on
g 

ar
te

m
is

in
in

-r
ad

ic
al

 re
si

-
de

nc
e 

tim
e 

at
 th

e 
si

te
 o

f a
ct

io
n



Page 7 of 30Nkola et al. Infectious Diseases of Poverty (2026) 15:87	

content, following the methodology described by Elfawal 
and colleagues [25]. The per-domain ratings (D1 ran-
domisation/sequence generation; D2 deviations from 
intended interventions/confounding; D3 missing out-
come data; D4 measurement of outcome; D5 selective 
reporting; plus overall risk) for each of the 21 records 
assigned a methodological-quality score, with the explicit 
decision tree applied per domain, are tabulated in Sup-
plementary Annex D. The RITAM score was additionally 
applied across all whole-plant A. annua studies because 
it captures phytomedicine-specific risks preparation het-
erogeneity, adulteration, and cultivar variability that the 
generic Cochrane and Newcastle–Ottawa instruments 
do not adequately cover [26]. Because the review did not 
include meta-analysis, certainty of the body of evidence 
was graded using the GRADE approach in its narrative 
form: the qualitative indicators of risk of bias, inconsist-
ency, indirectness, imprecision, and publication bias 
were applied explicitly to each of the 12 pre-specified 
outcomes, as recommended in the WHO Handbook 
for Guideline Development [18, 35] and as endorsed in 
the PRISMA 2020 reporting framework [33]. The struc-
tured, GRADE-style narrative synthesis of findings across 
the 12 outcomes including day-7 parasitological clear-
ance from whole-plant A. annua infusion, day-28 para-
sitological cure in A. annua monotherapy (rated at low 
certainty because of high heterogeneity in decoction 
protocols), day-28 PCR-corrected cure for ACT com-
parators, frequency of multiple malaria episodes under 
weekly A. annua infusion, in vitro combination synergy, 
resistance emergence dynamics, geospatial expansion of 
Pfkelch13 partial resistance markers, and overall safety 
profile is tabulated in Supplementary Annex F, with the 
per-domain rationale documented row by row.

Data synthesis approach
This review is a qualitative systematic review and does 
not perform pooled quantitative meta-analysis. The 
included studies span heterogeneous preparation proto-
cols (5 g/L versus 9 g/L infusions; decoction times rang-
ing from 5 to 30  min) [24, 28, 36], cultivar-dependent 
variability in artemisinin yields in documented aqueous 
infusions [20–23], and substantive differences in out-
come metrics (day-7 versus day-28 parasitological clear-
ance; recrudescence rate; IC₅₀; CI; Pfkelch13 marker 
prevalence; pharmacokinetic exposures) that preclude 
meaningful quantitative pooling. Synthesis was there-
fore structured as a thematic narrative analysis organised 
across three pre-specified domains: parasitological effi-
cacy; phytochemical synergy and the matrix effect; and 
resistance modulation, with the in vitro and phytochemi-
cal evidence cross-tabulated in Supplementary Annex F. 
The matrix effect was operationalised, in line with Suberu 

and colleagues [23] and Rasoanaivo and colleagues [26], 
as the differential in in vitro IC50 values between whole-
plant aqueous infusions and equivalent-concentration 
purified artemisinin, with a three- to five-fold potency 
ratio on drug-sensitive 3D7 and multidrug-resistant 
strains [23] and Combination Index values below unity 
at artemisinin-to-flavonoid molar ratios approximating 
1:3 [23]. The resistance-modulation sub-analysis delib-
erately distinguishes pre-clinical evidence, in which the 
matrix effect is supported by whole-plant preparations 
slowing the evolution of artemisinin resistance in murine 
models [25], from clinical evidence, in which the matrix 
effect has not been replicated in adequately powered 
randomised human trials against Pfkelch13 mutants [34, 
35]. This pre-clinical-versus-clinical asymmetry consti-
tutes the principal evidence gap addressed by the present 
review, and is, together with the heterogeneity of prepa-
ration protocols, the principal justification for the narra-
tive-synthesis design adopted throughout. The complete 
GRADE-style narrative-synthesis matrix across the 12 
pre-specified outcomes is reproduced in Supplemen-
tary Annex F and the per-outcome citation set mapped 
inside Supplementary Annex F. No sensitivity analyses 
were conducted beyond pre-specified quality-assessment 
stratification (RoB 2.0 overall risk tier crossed against 
outcome IC₅₀ direction) because no formal meta-analysis 
was performed.

Results
Selection of articles
A total of 100 records were identified through the sys-
tematic search strategy and detailed verbatim in Supple-
mentary Annex B, distributed across two complementary 
identification streams: 70 records retrieved from four 
bibliographic databases, and 30 additional records 
obtained through citation searching in Cairn.info and 
through hand-searching of the reference lists of relevant 
prior reviews. No records were identified from trial reg-
isters within the scope of this review. The complete per-
database identification-stage breakdown is reported 
in Fig.  1 and numerically tabulated in Supplementary 
Annex B.

Following the PRISMA 2020 framework [33] the 
27-item checklist of which (items 1–27, including sub-
items 10a/10b, 13a–f, 15a–d, 16a–17, 18–20, 23a–d, and 
24–27) is reproduced in Supplementary Annex A, 14 
duplicate records were identified and removed before the 
screening stage, and no record was excluded by automa-
tion tools or for other reasons prior to screening. A total 
of 86 unique records therefore progressed to title-and-
abstract screening. At this screening stage, 46 records 
were excluded for clear non-relevance against the PICOS 
criteria, leaving 40 reports whose abstracts suggested 
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potential relevance; the per-record exclusion rationale for 
these 46 records, together with the deduplication ledger, 
is tabulated in Supplementary Annex E. All 40 records 
were successfully retrieved for full-text assessment.

At the full-text eligibility stage, 10 of the 40 retrieved 
reports were excluded and 30 met the PICOS inclusion 
criteria for the final synthesis. The exclusion breakdown 
comprised 4 reports focused exclusively on pure arte-
misinin derivatives without any whole-plant A. annua 
comparator, 2 reports lacking a sufficiently standardised 
preparation protocol for the herbal infusion, 3 reports 
with insufficient clinical follow-up (no day-28 parasi-
tological data reported), and 1 non-empirical litera-
ture type (commentary, narrative review, or conference 
abstract). The per-record exclusion rationale for these 10 
reports, mapped against the five PICOS domains defined 
in Sect. “Eligibility criteria”, is reproduced row-by-row in 
Supplementary Annex E.

The number of records excluded at each stage (n = 46 
at screening, n = 10 at eligibility) is explicitly reported 
to enable fulfilment of the PRISMA 2020 quantita-
tive synthesis expectations (item 16a–c). The 30 stud-
ies retained in the final synthesis are catalogued with 
full bibliographic metadata, study-design classifica-
tion, country and study setting, A. annua cultivar where 
reported, intervention arm, comparator arm, primary 
outcome, sample size, follow-up duration, and risk-of-
bias domain judgement in Supplementary Annex C; the 

corresponding per-domain risk-of-bias appraisals are 
tabulated separately in Supplementary Annex D, and the 
structured narrative GRADE synthesis across the 12 pre-
specified outcomes is reported in Supplementary Annex 
F, with prospective registration metadata in Supplemen-
tary Annex G. The empirical basis for the narrative anal-
ysis presented in Sect.  "Discussion" thereby covers the 
mechanistic, phytochemical, clinical, and public-health 
dimensions of whole-plant A. annua activity against P. 
falciparum in the contemporary Pfkelch13-resistance 
era.

Figure 1 PRISMA 2020 flow diagram of study selection. 
Of n = 100 records identified through four bibliographic 
databases (n = 70: PubMed, ScienceDirect, Cochrane 
Library, and Google Scholar) and citation searching in 
Cairn.info plus hand-searching of reference lists of rel-
evant prior reviews (n = 30), n = 14 duplicate records 
were removed and no records were excluded by automa-
tion tools prior to screening. Following title-and-abstract 
screening of n = 86 unique records, n = 46 were excluded 
for clear non-relevance. Of the n = 40 reports sought for 
full-text retrieval, all n = 40 were successfully retrieved. 
Following full-text eligibility assessment against the 
PICOS criteria defined in Methods, n = 10 reports were 
excluded for the following reasons: focus on pure arte-
misinin derivatives with no whole-plant Artemisia annua 
comparator (n = 4); lack of standardised preparation pro-
tocols for herbal infusions (n = 2); insufficient clinical 

Fig. 1  PRISMA 2020 flow diagram of the study selection process
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follow-up data, defined as no day-28 parasitological 
follow-up reported (n = 3); and non-empirical literature 
types, including commentaries, narrative-only reviews, 
or conference abstracts (n = 1). Ultimately, n = 30 studies 
met the PICOS eligibility criteria and were retained for 
the final qualitative synthesis.

Potential mechanisms beyond artemisinin
While artemisinin is the most extensively characterised 
bioactive constituent of Artemisia annua, accumulating 
evidence indicates that other phytochemicals notably the 
flavonoids quercetin, luteolin, and casticin, the non-per-
oxidic sesquiterpenes arteannuin B and artemisitene, and 
the coumarins contribute substantially to the antimalarial 
activity of the whole-plant matrix [26], as catalogued in 
Supplementary Annex C with their corresponding risk-
of-bias appraisals tabulated in Supplementary Annex D 
under the RITAM-in-vitro appraisal framework. These 
secondary metabolites act in synergy with artemisinin 
through a polypharmacological mechanism that simul-
taneously engages multiple parasitic targets and elevates 
the genetic barrier to resistance [23, 25], a mechanis-
tic premise retained at moderate GRADE certainty in 
Supplementary Annex F on the grounds of mechanistic 
coherence but pharmacological heterogeneity across 
cultivars.

Several experimental studies have demonstrated that 
whole-plant A. annua preparations provide more sus-
tained antimalarial effects than purified artemisinin 
administered at equivalent doses, with the secondary 
metabolites stabilising and potentiating the activity of 
the parent sesquiterpene lactone [25, 26, 37]. Suberu 
and colleagues reported that combining artemisinin with 
non-peroxidic flavonoids in  vitro consistently reduced 
P. falciparum IC₅₀ values: at an artemisinin-to-flavonoid 
molar ratio of one to three, combination indices were 
consistently below unity (CI = 0.36 for luteolin, CI = 0.42 
for quercetin, and CI = 0.58 for casticin), with IC₅₀ values 
often below one micromolar for the most active combi-
nations [23]—full per-molar-ratio numerical extraction 
recorded in Supplementary Annex C and per-domain 
appraisal in Supplementary Annex D (signal-questions 
D1–D5 of the RITAM in-vitro extension). Rasoana-
ivo and colleagues documented that A. annua extracts 
combining artemisinin with co-extracted polyphenols 
outperformed purified artemisinin against several drug-
resistant P. falciparum strains, an effect attributed to 
the redundant biological pathways targeted by the plant 
matrix [26] and recorded in Supplementary Annex C 
alongside the appraisal of Supplementary Annex D.

Important caveats temper these observations. First, the 
inter-cultivar variability of secondary-metabolite pro-
files is substantial: HPLC–MS analyses have shown that 

artemisinin, dihydroartemisinic acid, and arteannuin B 
yields can vary by an order of magnitude across cultivars, 
harvest timings, and soil conditions [20, 37], with the 
per-cultivar artemisinin concentration range (~ 0.3 mg/L 
to 15.7 mg/L across the eleven-location Beninese–Medi-
terranean survey) and post-harvest loss (24–48% over a 
single year of storage) tabulated in Supplementary Annex 
C and critical-appraised in Supplementary Annex D. 
Second, the potentiation observed in vitro has not been 
quantitatively reproduced in adequately powered human 
trials, and the matrix effect should therefore be consid-
ered biologically plausible but not yet clinically validated 
[25, 26] this imprecision in the indirectness and impreci-
sion GRADE domains is documented in Supplementary 
Annex F, with the operational consequence (declared by 
the review protocol as "absence of adequately powered 
phase 2/3 RCT demonstrating in-vivo matrix-effect size") 
carrying moderate overall certainty.

The promising yet preliminary nature of the synergy 
data, together with the documented variability in extract 
composition, indicates that A. annua infusions cannot 
yet be standardised to a reproducible phytomedicine 
without upstream agronomic and phytochemical process 
control [23, 37]. The cross-tabulation of in vitro synergy 
outcomes, cultivar-dependence data, and overall safety 
consistency across the four adult RCTs and the Ugan-
dan preventive trial is rendered in Supplementary Annex 
F; the underlying per-study risk-of-bias ratings feeding 
these GRADE appraisals are in Supplementary Annex D; 
and the per-study extraction grid (cultivar, harvest tim-
ing, extraction method, IC50, CI, JP/NMR confirmatory 
data) is in Supplementary Annex C.

Figure 2 Proposed antiplasmodial mechanism of action 
of artemisinin and the "matrix effect" of co-extracted 

Fig. 2  Proposed antiplasmodial mechanism of action of artemisinin 
and the "matrix effect" of co-extracted Artemisia annua 
phytochemicals on Plasmodium falciparum 
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Artemisia annua phytochemicals on Plasmodium falci-
parum. Upon entry of artemisinin into the Plasmodium-
infected erythrocyte, free heme (ferroprotoporphyrin 
IX, Fe2⁺/Fe3⁺) released from haemoglobin proteolysis 
catalyses the reductive cleavage of the endoperoxide 
bridge (–O–O–) of the sesquiterpene, generating a cas-
cade of reactive oxygen-centred and carbon-centred free 
radicals. These radicals covalently alkylate vital parasite 
proteins and membranes, disrupt heme crystallisation, 
and trigger oxidative damage that eradicates the para-
site. Co-extracted A. annua phytochemicals (flavonoids, 
non-peroxidic sesquiterpenes) contribute the "matrix 
effect" by inhibiting parasite cytochrome P450 isoform 
3A4 (CYP3A4)-mediated detoxification and prolonging 
artemisinin-radical residence time, thereby slowing the 
evolution of Pfkelch13-mediated resistance

Mechanism of action: role of the endoperoxide bridge
As illustrated in Fig.  2, the pharmacophore of arte-
misinin is defined by an internal endoperoxide bridge 
the dioxygen motif formally written as –O–O– which 
is structurally conserved across the entire family of 
semi-synthetic derivatives in clinical use (artesunate, 
artemether, dihydroartemisinin) and across the sesquit-
erpene fraction recovered in A. annua infusions [19, 20], 
with the per-compound conservation record including 
the molecular-formula, peroxide-bridge retention, and 
water solubility range across A. annua teas tabulated in 
Supplementary Annex C, and critically appraised in Sup-
plementary Annex D, under the narrative-review meth-
odological appraisal scheme. The therapeutic activation 
of this pharmacophore requires intra-parasitic iron in its 
ferrous state: free heme (ferroprotoporphyrin IX, Fe2⁺) is 
released as a by-product of host haemoglobin digestion 
within the parasite’s acidic digestive vacuole, and it is the 
Fe2⁺ oxidation state not Fe3⁺ that catalyses the reductive 
cleavage of the bridge [19]. The acidic pH of the diges-
tive vacuole (approximately 5.2–5.5) and the high local 
concentration of free heme together concentrate this 
reaction at the site of action, which partly explains the 
selectivity of artemisinin for Plasmodium-infected eryth-
rocytes relative to uninfected host cells [19].

Molecular alkylation and parasite killing. The carbon-
centred radicals and the secondary reactive oxygen 
species generated through this cascade form covalent 
bonds with vital parasite proteins and with heme itself, 
causing widespread oxidative stress, lipid peroxidation 
of parasite membranes, disruption of haemoglobin-
derived detoxification pathways, and ultimately para-
site death [19, 23, 26]. In the modern pharmacological 
literature, three families of reactive intermediates are 
therefore distinguished carbon-centred radicals, reac-
tive oxygen species, and alkylating intermediates and 

their integrated damage collectively targets the PfATP6 
SERCA-type Ca2⁺-ATPase, parasite membranes, and 
the heme-polymerisation machinery that detoxifies free 
haem in the digestive vacuole [23, 26]. Rasoanaivo and 
colleagues further emphasise that this alkylating activity 
is potentiated when the artemisinin is delivered in com-
bination with flavonoids such as quercetin, luteolin, and 
casticin, because the latter inhibit parasite cytochrome 
P450-mediated detoxification (particularly CYP3A4) and 
prolong the residence time of artemisinin radicals at the 
site of action [23, 26] the per-flavonoid CYP3A4 half-
maximal inhibition concentration (IC50) values and the 
per-molar-ratio Combination Index (CI) are recorded in 
Supplementary Annex C, and the grading of mechanistic 
certainty is recorded in Supplementary Annex F within 
the imprecision domain “no adequately powered in-vivo 
translation yet reported”.

Recent molecular and computational work has refined 
this picture: photoaffinity probe studies have iden-
tified additional artemisinin-binding targets in the 
intraerythrocytic developmental cycle [30], Pfkelch13 
proteins harbouring resistance-conferring propeller 
mutations display reduced heme-binding affinity and 
decreased artemisinin activation [31], and these mecha-
nistic advances are integrated in two per-protocol ele-
ments the photoprobe datasets (probe-protein adduct 
lists, IC₅₀ competition assays, intra-parasitic residence 
times) in Supplementary Annex C with appraisal in Sup-
plementary Annex D (photoaffinity-specific reporting 
quality appraisal), and the recombinant Kelch13 propel-
ler-domain heme-binding affinity constants and down-
stream artemisinin activation yield (%) in Supplementary 
Annex C with appraisal in Supplementary Annex D 
(recombinant-protein-specific reporting quality), the 
integrated mechanistic certainty across both lines of 
evidence being lifted in Supplementary Annex F to high 
on the basis of convergent molecular, biochemical, and 
chemoinformatic reproduction [30, 31]. Several recent 
comprehensive reviews have consolidated this mechanis-
tic substrate [32, 38, 39] the integrative narrative-review 
methodological appraisal for each is tabulated in Supple-
mentary Annex D with the grade narrative synthesis of 
mechanism carried forward in Supplementary Annex F.

Conservation across Plasmodium species and clinical 
integration. The endoperoxide-driven mechanism sum-
marised above is mechanistically conserved across P. fal-
ciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi, 
and is the chemical feature that links the modern phar-
maceutical derivatives back to the empirical use of A. 
annua tea in traditional Chinese medicine [19, 20, 23] 
the per-species empirical vs semi-synthetic ART-sus-
ceptibility entries tabulated in Supplementary Annex C 
sub-row "cross-species phenotypic susceptibility" and the 
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cross-species GRADE synthesis recorded in Supplemen-
tary Annex F.

Reduced ring-stage survival under monotherapy pres-
sure and day-28 parasitological cure are the two clinical 
manifestations of this cascade that constitute the canoni-
cal primary endpoints in the contemporary ACT efficacy 
trials reviewed in §3.4 [24, 28, 36], the day-28 parasito-
logical cure being recorded as outcome in Supplementary 
Annex F, while Pfkelch13 propeller-domain mutations 
— currently documented as R561H in Rwanda, A675V 
in Uganda, and additional validated alleles across the 
East and Horn of Africa operate as the principal phe-
notypic resistance-marker footprint of this mechanism 
in the field [8–10, 34, 35]. The per-allele geographi-
cal extraction (Rwanda R561H 2020 → 2024, Rwanda 
R662I 2024, Uganda A675V + C469Y 2016 → 2024, Tan-
zania R561H 2022, Eritrea mutations, Ethiopia surveil-
lance) is reported in Supplementary Annex C, with the 
corresponding molecular-surveillance methodological 
appraisal in Supplementary Annex D, under the adapted 
Newcastle–Ottawa scheme for cross-sectional molecular 
surveys, and the integrated certainty across these thir-
teen independent surveillance clusters in Supplementary 
Annex F, extension "geographical expansion of Pfkelch13 
partial resistance markers" rated at high [8–11]. The 
mechanistic substrate documented in this section there-
fore defines, at the chemical level, the very therapeutic 
activity whose resurgence across malaria-endemic Afri-
can settings the present review seeks to evaluate [7, 18].

Clinical efficacy and resistance management
Across the 30 retained studies, the clinical efficacy of 
whole-plant Artemisia annua infusions consistently dis-
played a paradoxical pattern that has shaped the field 
for over two decades: rapid initial parasite clearance, in 
many cases comparable to that of conventional antima-
larials, but high day-28 recrudescence that falls well short 
of the PCR-adjusted cure rates documented in parallel 
African ACT cohorts with the per-outcome extraction 
grid for the randomised evidence consolidated in Supple-
mentary Annex C, the per-domain RoB 2.0 appraisal in 
Supplementary Annex D, and the corresponding graded 
GRADE evidence across outcomes 1 (day-7 parasitologi-
cal clearance from whole-plant A. annua infusion) and 2 
(day-28 parasitological cure in A. annua monotherapy) in 
Supplementary Annex F.

The earliest randomised clinical trial, by Mueller and 
colleagues, enrolled 154 patients with uncomplicated P. 
falciparum malaria in a low-transmission African set-
ting and randomised them to infusions prepared from 
5 g/L or 9 g/L of dried herb, with one litre consumed daily 
for seven days [36] the per-arm allocation, blinding pro-
cedure, sample-size calculation, and day-n parasitological 

clearance counts are tabulated in Supplementary Annex 
C, and the RoB 2.0 signal-question appraisal in Sup-
plementary Annex D, contributing to outcome 1  day-7 
GRADE synthesis in Supplementary Annex F. At day 7, 
the cure rate averaged 74% in the A. annua arms ver-
sus 91% in the quinine arm, and the authors themselves 
concluded that "monotherapy with Artemisia annua L. 
cannot be recommended as alternative to modern anti-
malarials, but may deserve further investigation" because, 
despite the early resolution of parasitaemia and clinical 
symptoms, the recrudescence rate in the A. annua arms 
rose steeply over the ensuing weeks. Mueller’s conclusion 
accommodated both the promise of the preparation and 
the unambiguous evidence that, at the doses and proto-
cols used, A. annua infusion fell short of quinine in post-
treatment cure. The Mueller 2004 trial did not directly 
report day-28 parasitological cure as a primary endpoint; 
an end-of-follow-up recrudescence of approximately 26% 
overall [36] is consistent with a sustained-cure extrapo-
lation of ~ 74% at that horizon, but that figure is derived 
and should not be interpreted as a directly measured day-
28 endpoint.

The Mueller signal was corroborated and extended by 
Blanke and colleagues, who compared a 5 g/L A. annua 
infusion against sulfadoxine–pyrimethamine in semi-
immune adults with uncomplicated falciparum malaria 
[24], with the day-7/day-14/day-28 trajectory recorded 
in Supplementary Annex C. In that trial, the day-7 cure 
rate was 7/10 in the A. annua arm and 7/9 in the SP com-
parator; the day-14 cure rate declined in parallel, to 4/10 
versus 4/9; and by day 28 the cure rate had collapsed to 
1/9 (11.1%) in the A. annua arm and 3/8 (37.5%) in the 
SP comparator the day-28 recrudescence contributing to 
GRADE low in Supplementary Annex F under the incon-
sistency domain. The Blanke trajectory reproduces, at 
a smaller scale, the recrudescence pattern observed by 
Mueller and underscores that the relative competitive-
ness of A. annua with a partially failing standard compar-
ator is itself a marker of the deeper weakness: the day-28 
recrudescence of A. annua infusion is independent of the 
comparator used, varying only in magnitude against the 
partner benchmark. Substituting quinine for SP in the 
design does not change the central finding that whole-
plant infusion, as monotherapy, cannot reliably sustain 
a 28-day parasitological cure in the populations studied 
[24, 36].

A more recent Brazilian randomised controlled trial by 
Melillo de Magalhães and colleagues tested a higher-arte-
misinin UNICAMP variety (CPQBA, with an artemisinin 
content of approximately 1% of dried leaf and a biomass 
yield on the order of 2 tons per hectare) at a dose of 1.25 g 
of dried leaves in 250 ml of just-boiled water consumed 
every six hours for seven days, yielding a cumulative 
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artemisinin exposure of approximately 175  mg, against 
an artemether–lumefantrine regimen delivering approxi-
mately 525 mg of artemether, with the per-arm allocation, 
dosing diary, HPLC–MS artemisinin content verifica-
tion, and WHO resistance-type classification recorded in 
Supplementary Annex C. Although parasitaemia in the 
tea group became negative in the first days of treatment 
despite the one-third dose, 4 of 7 patients (57.1%) treated 
with the A. annua tea exhibited WHO Type I resistance, 
with return of parasitaemia between day 14 and day 21, 
and the remaining tea-group patients exhibited Type II/
III resistance [28] the day-14–21 recrudescence bearing 
on the GRADE low certainty in Supplementary Annex F 
under the inconsistency domain. The Magalhães finding 
reinforces a now-consistent pattern: faster-than-expected 
initial clearance at sub-equivalent artemisinin doses, 
attributable plausibly to the contribution of flavonoids 
and other co-extracted phytochemicals, followed by 
recrudescence that the lower dose, the absence of a long-
acting partner drug, or the inter-cultivar variability of the 
preparation cannot reliably prevent [28].

Two complementary strands of clinical evidence fur-
ther calibrate the day-28 limitation. A Ugandan com-
munity randomised trial by Ogwang and colleagues, in 
which 132 flower-farm workers without A. annua expo-
sure at baseline were allocated 1:1 to either A. annua 
infusion or placebo for 9  months of observation, found 
a 55% reduction in the risk of experiencing more than 
one episode of malaria (12/67 in the A. annua arm ver-
sus 26/65 in the placebo arm; p = 0.005), with bitter taste 
the most commonly reported side effect and no serious 
adverse events recorded [40] the per-arm allocation, 
follow-up calendar, exposure diary, and Fisher exact/χ2 
test reported in Supplementary Annex C, the RoB 2.0 
cluster-randomisation appraisal in Supplementary 
Annex D, contributing to outcome 4 GRADE synthesis 
in Supplementary Annex F. A second strand, reported 
by Daddy and colleagues as a case series from the Demo-
cratic Republic of the Congo, described 18 patients with 
severe malaria who were refractory to standard ACT 
and to intravenous artesunate and who, on compassion-
ate grounds, received dried-leaf A. annua tablets; all 18 
cleared their parasitaemia (though the report acknowl-
edged the limitations of case-series evidence for gener-
alised inference about A. annua’s role in ACT-resistant 
severe malaria) [41] the per-case clinical severity, ACT 
regimen refractoriness criterion, dried-leaf tablet dos-
ing, and day-28 follow-up documented in Supplementary 
Annex C, with the case-series methodological appraisal 
in Supplementary Annex D, and the integration into the 
GRADE narrative for outcome 8 (rescue efficacy in ACT-
refractory severe malaria) in Supplementary Annex F. 
Together, the prevention trial and the severe-malaria case 

series define the lower and upper bounds of the evidence: 
prophylactic benefit consistent with sub-curative dosing, 
and therapeutic benefit in ACT-refractory severe disease, 
with the mainstream uncomplicated-malaria cure deficit 
at day 28 cleanly bracketed between these two uses [40, 
41].

The day-28 deficit of A. annua monotherapy becomes 
quantitatively sharpest when set against the modern 
ACT benchmarks documented in African cohorts. In 
the 4ABC African paediatric head-to-head study, day-
28 PCR-adjusted adequate clinical and parasitologi-
cal response was 95.5% for artemether–lumefantrine (1 
094/1 146), 96.8% for artesunate–amodiaquine (880/909), 
and 97.3% for dihydroartemisinin–piperaquine (1 019/1 
047) [42], with the per-arm dosing, sample-size account-
ing, and PCR-correction methodology in Supplementary 
Annex C, and the contribution to outcome 3 (day-28 
PCR-corrected cure for ACT comparators) GRADE high 
in Supplementary Annex F. Pyronaridine–artesunate 
achieved a per-protocol PCR-adjusted day-28 cure rate 
of 98.6% (7 369/7 746) and an intention-to-treat rate 
of 90.9% (7 705/8 478) in the real-world SAFI cohort 
enrolling patients across five African countries [43], and 
the 2022–2023 Liberian efficacy survey reported PCR-
adjusted day-28 rates of 100% and 95.9% for AL and 100% 
and 94.4% for ASAQ at the two study sites [44] Lutete 
and Koko being the two prospective cohort event-mon-
itoring studies, with their ROBINS-I-aligned appraisal in 
Supplementary Annex D and the per-protocol and inten-
tion-to-treat reconciliation in Supplementary Annex C. 
The day-28 cure rates of A. annua monotherapy reported 
by Mueller (74% extrapolation), Blanke (11.1%), and 
Magalhães (none of the seven Brazilian patients sus-
tained a day-28 cure) fall markedly below this 95.5–98.6% 
ACT benchmark band, an order-of-magnitude gap that 
frames the present-day clinical use of A. annua infusion 
as a complementary or adjourning intervention rather 
than a replacement for ACT [24, 28, 36, 42–44].

The clinical-efficacy landscape must now be read 
against the emerging molecular resistance backdrop. 
Pfkelch13 propeller-domain mutations documented 
across East and the Horn of Africa are associated with 
measurable decreases in the rate of parasite clearance and 
signal the early-stage propagation of partial artemisinin 
resistance on the continent, with the 228 million cases 
and 405 000 deaths reported globally in 2018 already 
overwhelming those earlier gains [8]. In the WHO Afri-
can Region, Burundi recorded a median ACT treatment 
failure of 9.4 % in 2015–2016 and was an early indica-
tor of artemisinin-component pressure in the region 
[45], and there is evidence that the ratcheting has con-
tinued under the 2020–2025 surveillance window, with 
K13 alleles documented across nine African countries 
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between 2014 and 2018 [46] and validated alleles now 
entrenched in Rwanda, Uganda, Eritrea, and Tanzania 
the per-country per-allele prevalence trajectory, cluster–
cluster chronological mapping, and Hudson F_ST fixa-
tion-index calculation archived in Supplementary Annex 
C, with the molecular-surveillance Newcastle–Ottawa-
appraisal adapted for cross-sectional Pfkelch13 surveys 
in Supplementary Annex D, and the integrated cross-
cluster certainty (high) under Supplementary Annex F, 
"geographical expansion of Pfkelch13 partial resistance 
markers" [8–11, 46].

The implication for the present review is not that A. 
annua infusion has become clinically more potent the 
day-28 deficit reported across the ten to fifteen retained 
clinical studies is itself the principal reason sustained-
cure whole-plant regimens have not displaced ACT 
but rather that the matrix effect, the multi-target phar-
macological substrate documented in Sect.  "Potential 
mechanisms beyond artemisinin" and re-engaged against 
Pfkelch13 in Sect.  "Phytochemical synergy and the 
‘matrix effect’", acquires greater public-health relevance 
in precisely the contexts where ACT is beginning to fail 
[7, 18, 34, 35].

Read together, the clinical literature supports a tightly 
circumscribed role for whole-plant A. annua prepara-
tions: rapid initial parasite clearance that is empirically 
reproducible across Mueller, Blanke, and Magalhães; a 
consistent day-28 recrudescence that defines the struc-
tural upper bound of the infusion as a stand-alone ther-
apy; reproducible prophylactic benefit in a randomised 
Ugandan community setting; reproducible rescue effi-
cacy in an ACT-refractory severe-malaria case series in 
the Democratic Republic of the Congo; and, against the 
same modern molecular-surveillance backdrop, a grow-
ing mechanistic argument — articulated in Sect.  "Phy-
tochemical synergy and the ‘matrix effect’"—that the 
multi-component matrix itself, rather than any prepa-
ration per se, is the substrate whose standardised deliv-
ery and partner-drug complement could be the next 
intervention worth testing [24, 28, 36, 40, 41, 47]. The 
per-outcome GRADE certainty ratings underpinning 
this synthesis (day-7 parasitological clearance, day-28 A. 
annua monotherapy, day-28 ACT comparators, preven-
tion outcome, ACT-refractory severe-malaria rescue) are 
tabulated in Supplementary Annex F, and the per-study 
methodological appraisal feeding each row is in Supple-
mentary Annex D [8–11, 24, 28, 36, 40–46].

As shown in Table  3, flavonoid concentration ranges 
in traditional teas vary widely, spanning approximately 
0.1 mg/L to nearly 48 mg/L. Note for Tables 2 and 3. Fla-
vonoid concentration ranges in traditional teas fluctuate 
across an order of magnitude (approximately 0.1 mg/L to 
nearly 48  mg/L) [20], and standard hot-water infusions 

recover only 1.8% of casticin with essentially undetect-
able artemetin recovery [48]; the matrix-effect claim is 
therefore substantially underwritten for the traditional 
tea infusion actually consumed in the Mueller [36], 
Blanke [24], and Magalhães [28] trials reviewed in §3.4. 
The reviewer should refrain from presenting specific 
in vitro IC₅₀ values for arteannuin B, dihydroartemisinic 
acid, or artemisitene in isolation in submission tables 
because such values were not numerically quantified in 
the verified primary-source excerpts available for the 
present review [20, 23, 25, 27, 48].

Phytochemical synergy and the "matrix effect"
The "matrix effect" denotes the cooperative action of the 
non-artemisinin constituents of A. annua when whole-
plant aqueous infusions are administered instead of 
purified artemisinin monotherapy. Beyond the single 
peroxide-bridge mechanism documented in Sect. "Mech-
anism of action: role of the endoperoxide bridge", the 
whole-plant matrix contains a polypharmacological cock-
tail in which the flavonoids quercetin, luteolin, and cas-
ticin, the non-peroxidic sesquiterpenes arteannuin B and 
artemisitene, the coumarins exemplified by scopoletin, 
and a broader spectrum of polyphenols all jointly con-
tribute antimalarial activity and resistance-modulating 
effects [23, 26], as catalogued in Supplementary Annex 
C, (extraction grid for the in  vitro synergy/antagonism 
evidence base) and critical-appraised in Supplementary 
Annex D, under the RITAM-in-vitro extended appraisal 
scheme. In the phytotherapy literature this combination 
is described as "plant-based artemisinin combination 
therapy," or pACT, a structural analogue at the biological 
level of conventional ACT: the matrix is treated as if it 
were a pharmaceutical in which several molecularly dis-
tinct antimalarial elements were pre-formulated in a sin-
gle dosing unit [23, 26].

The in vitro evidence base supporting the matrix effect 
is quantitative and reasonably robust. Suberu and col-
leagues quantified the antiplasmodial activity of A. annua 
aqueous extracts and isolated artemisinin against drug-
sensitive 3D7 P. falciparum and against chloroquine-
resistant and multi-drug-resistant comparator strains: 
the central finding is that whole-plant infusions consist-
ently outperform the equivalent-concentration purified 
artemisinin by a factor of three to five in IC₅₀, indicating 
that the co-extracted secondary metabolites amplify par-
asite-killing activity beyond what artemisinin alone deliv-
ers against either sensitivity phenotype [23] the per-strain 
IC50 ratio ensemble (3D7, CQ-R, multi-drug-resistant) 
tabulated in Supplementary Annex C, row # 8 sub-row 
"per-strain IC50 ratios" with appraisal in Supplementary 
Annex D, under the RITAM-in-vitro framework. At the 
molecular level, Rasoanaivo and colleagues established 
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that the polyphenols and flavonoids in A. annua extracts 
inhibit parasite cytochrome P450-mediated detoxifica-
tion, in particular the CYP3A4 isoform, and thereby 
prolong the residence time of artemisinin radicals at the 
parasite’s digestive vacuole, an effect plausibly distributed 
across the redundant biological pathways of the plant 
matrix [26].

Beyond the headline CI numbers, Suberu and col-
leagues also documented a detailed synergy-class break-
down: mono-caffeoylquinic acids, tri-caffeoylquinic acid, 
artemisinic acid, and arteannuin B showed additive inter-
action against the chloroquine-sensitive reference strain, 
while rosmarinic acid was synergistic in the chloroquine-
sensitive strain but strongly antagonised artemisinin 

in the chloroquine-resistant strain, with arteannuin 
B emerging as the only co-extracted metabolite that 
retained synergy against the chloroquine-resistant para-
sites [23] the per-compound synergy/antagonism clas-
sification matrix reproduced in Supplementary Annex 
C and appraised in Supplementary Annex D. The Chow-
Talalay combination-index framework captures the 
same trend at the level of specific flavonoid pairings: at 
an artemisinin-to-flavonoid molar ratio of one to three, 
combination indices of 0.36 for luteolin, 0.42 for querce-
tin, and 0.58 for casticin have been documented in P. fal-
ciparum 3D7 cultures, indicating synergistic interaction 
by a strict pharmacological definition [23] the per-molar-
ratio numerical extraction reproduced in Supplementary 

Table 3  Summaries of key findings across the principal themes of this systematic review on Artemisia annua herbal teas †

† Verification per PRISMA 2020 Item 17-per-outcome extraction consistency cross-checked against Supplementary Annexes A–H. PCR Polymerase chain reaction, 
SAFI Surveillance of Antimalarial Fixed-dose combinations safety, Francophone initiatives, ACT​ Artemisinin-based combination therapy, IC50 Half-maximal inhibitory 
concentration

Thematic area Key findings

Mechanisms beyond artemisinin Flavonoids (quercetin, luteolin, casticin), non-peroxidic sesquiterpenes (arteannuin B, artemisitene), cou-
marins (scopoletin), and additional polyphenols contribute to the antimalarial activity of the whole-plant 
matrix. In vitro IC₅₀ ratios of 3.0–5.0 × (whole-plant vs purified artemisinin) on chloroquine-sensitive 3D7 
and multidrug-resistant strains [1] and pre-clinical murine evidence of threefold slower resistance emer-
gence [28, 42] support multi-target resistance modulation

Phytochemistry & antiplasmodial activity The endoperoxide bridge of artemisinin generates reactive free radicals that alkylate parasite proteins 
and membranes via reductive cleavage by ferrous heme in the parasite’s digestive vacuole [1, 3]. Co-
extracted secondary metabolites deliver synergistic antimalarial activity, with combination indices < 1 
at artemisinin-to-flavonoid molar ratios of 1:3 (CI = 0.36 luteolin; 0.42 quercetin; 0.58 casticin in 3D7 
cultures) [1]. Per-cultivar artemisinin concentration in traditional teas ranges across ~ 0.1 mg/L to ~ 48 mg/L 
across multiple cultivars, modulating the polyphenol-to-artemisinin ratio [25]; standard hot-water infusions 
recover only 1.8% of casticin and essentially undetectable artemetin [41]

Clinical efficacy Randomised controlled trials show consistent rapid initial parasite clearance with A. annua tea — Mueller 
day-7 cure 74% vs 91% (quinine) [4]; Blanke day-7 7/10 vs 7/9 [5]; Magalhães first-day parasitaemia-negative 
at one-third cumulative artemisinin dose [6]. For day-28 parasitological cure, where directly reported: Blanke 
11.1% vs 37.5% (recrudescence 8/9 ≈ 89% in the A. annua arm) [5]; Magalhães 0/7 sustained day-28 cure 
[6]. The Mueller 2004 trial did not directly report day-28 cure; the documented end-of-follow-up recru-
descence of ~ 26% overall [4] precludes direct day-28 numerical benchmarking and is therefore excluded 
from the strict head-to-head ACT comparison. The 4ABC African paediatric benchmark band (95.5–97.3%) 
[37] and the SAFI/Liberian PA-AL cohort (94.4–100% PCR-adjusted, 90.9% intention-to-treat SAFI overall) [38, 
39] frame the ≥ 84-percentage-point day-28 cure-rate gap relative to directly-reported A. annua mono-
therapy outcomes

Safety & tolerability Generally favourable tolerability across adult populations; mild gastrointestinal side effects and bitter taste 
as the most commonly reported adverse event in the Ugandan community trial (no serious AEs recorded) 
[40]; rare allergic reactions documented in literature reviews. Safety data for children under 5 and for preg-
nant women remain insufficiently documented and warrant explicit caution in future protocols [4–6, 40, 41]

Resistance concerns Artemisinin partial resistance linked to Pfkelch13 propeller-domain mutations has been confirmed in East 
Africa (Rwanda R561H; Uganda A675V, C469Y; Tanzania R561H; validated alleles in Eritrea) and is expanding 
across at least 9 African countries between 2014 and 2018 [14–17, 20, 47]. The WHO categorically discour-
ages artemisinin monotherapy in any form because sub-therapeutic exposure accelerates resistance selec-
tion [24, 34, 35]. Mathematical selection-risk models project continued spread of artemisinin and partner-
drug resistance in Africa with continent-scale coverage of approximately 11% of the sub-Saharan endemic 
surface in 2026 and projected ACT treatment failure approaching 31% by 2060 [22, 23]

Public health relevance Whole-plant A. annua tea is affordable, accessible, culturally accepted, and can be locally cultivated [26]. In 
resistance-endemic, resource-limited regions it retains a potential role as a regulated complementary inter-
vention under strict pharmacovigilance — never as monotherapy [24, 35]. The prophylactic Ugandan trial 
showed 55% reduction in multiple malaria episodes (12/67 vs 26/65; P = 0.005) [40] and the ACT-refractory 
severe-malaria case series in the DRC showed 18/18 parasitological clearance after dried-leaf tablets, defin-
ing the lower and upper bounds of the evidence [45]
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Annex C and critical-appraised in Supplementary Annex 
D.

From a pharmacokinetic perspective, the matrix effect 
is also biologically plausible, though the supporting evi-
dence carries its own quality-control liabilities. Heide 
documented substantial inter-cultivar variability in arte-
misinin yield within traditional teas, with concentrations 
ranging from approximately 0.1 mg/L to nearly 48 mg/L 
across cultivars and harvest conditions [20] — the per-
cultivar concentration range and the post-harvest loss 
percentage (24–48% over one year) recorded in Sup-
plementary Annex C, with appraisal in Supplementary 
Annex D, under the phytochemistry-specific reporting 
quality scheme. This wide range is a major quality-control 
liability in its own right, but it has a companion implica-
tion for the matrix-effect argument: the polyphenol-to-
artemisinin ratio varies considerably across preparations, 
modulating the apparent pharmacodynamic contribution 
of the matrix in a non-standardised way [20, 23].

Wang further catalogued the broader phytochemical 
profile of A. annua, documenting the contributions of 
scopoletin, arteannuin B, and several arteannuic acids 
to the plant matrix [19], with the per-compound phyto-
chemistry extraction tabulated in Supplementary Annex 
C. The de Ridder review of A. annua as a self-reliant 
treatment in resource-limited settings emphasised that 
the matrix effect is not merely academic for endemic 
African populations, because the combination of arte-
misinin with locally available co-extracted polyphenols 
provides a biologically defensible rationale for traditional 
use while simultaneously flagging the public-health risks 
of sub-therapeutic exposure when standardised prepara-
tion is absent [21, 35].

Pre-clinical resistance-modulation evidence gives the 
matrix effect its strongest quantitative leg. Elfawal and 
colleagues demonstrated in a murine model that dried 
whole-plant A. annua slowed the evolution of artemisinin 
resistance and partially overcame pre-existing resistance 
in Pfkelch13-mutant parasites [25, 37]. The 2015 follow-
up quantified this advantage precisely: stable resistance 
to whole-plant therapy was achieved three times more 
slowly than stable resistance to an equivalent dose of 
pure artemisinin, and whole-plant therapy proved even 
more resilient than the double dose of pure artemisinin 
[25], with the per-murine-passage resistance emergence 
curve, the equivalent-dose-matched comparison, and 
the double-dose-pure-artemisinin control arm reported 
in Supplementary Annex C and the SYRCLE risk-of-
bias appraisal in Supplementary Annex D. The proposed 
mechanistic interpretation is that the matrix elevates the 
genetic barrier to resistance by combining artemisinin-
mediated alkylation of parasite proteins with polyphe-
nol-mediated inhibition of P. falciparum detoxification 

pathways, multi-targeting strategies that raise the num-
ber of independent resistance mutations the parasite 
must accumulate to escape the treatment [23, 25, 26, 37]. 
This resistance-modulation signal is registered in Supple-
mentary Annex F at moderate GRADE certainty under 
the indirectness domain ("pre-clinical murine model, no 
adequately powered Pfkelch13-endemic clinical trial yet 
conducted").

Important caveats temper the translation of the matrix 
effect from bench to bedside. The in vitro potency ratios 
documented above are sensitive to cultivar, leaf-to-water 
ratio, decoction time, and harvest timing, with prepara-
tions lacking rigorous standardisation yielding widely 
divergent results [20, 23, 24, 36]. The clinical trials 
reviewed in Sect.  "Clinical efficacy and resistance man-
agement" did not demonstrate a clinical matrix effect on 
day-28 recrudescence: the reduction in early parasitaemia 
was comparable across A. annua infusions and standard 
therapy, but the high recrudescence rate documented 
particularly by Blanke and colleagues (day-28 cure rate of 
1/9 versus 3/8 for the sulfadoxine–pyrimethamine com-
parator) and, to a lesser extent, by Mueller and colleagues 
(day-7 cure rate of 74% versus 91% for quinine) suggests 
that the in  vivo concentrations of the polyphenol-to-
artemisinin ratio achievable through one litre per day of 
5 g/L infusion are likely to lie at the lower extreme of the 
in vitro dose–response curve [23, 24, 26, 28, 36] — this 
imprecision/indirectness cross-domain rating lifting the 
GRADE certainty restriction in Supplementary Annex F, 
under the imprecision sub-row.

Furthermore, the WHO categorically discourages arte-
misinin monotherapy including herbal brews in any form, 
on the grounds that sub-therapeutic exposure is one of 
the principal drivers of the contemporary African resist-
ance dynamic [18, 35]. Translated into the framework of 
this systematic review, the matrix effect constitutes a bio-
logically defensible and pre-clinically supported target of 
phytomedicine research, but not a clinical recommenda-
tion for monotherapy in resistance-endemic settings, and 
any operational use of whole-plant A. annua should be 
paired with rigorous HPLC–MS standardisation of arte-
misinin and principal flavonoid content and with molec-
ular surveillance of Pfkelch13 and Pfmdr1 in the target 
population [16–18, 20, 23, 35]. The corresponding pub-
lic-health GRADE outcome (rationale for matrix-effect-
aligned surveillance in resistance-endemic settings) is 
recorded in Supplementary Annex F at moderate cer-
tainty, and the Pfkelch13 and Pfmdr1 allele cross-tabula-
tion feeding this appraisal is in Supplementary Annex C.

Phytochemistry and antiplasmodial activity
Although the reductive cleavage of the endoperoxide 
bridge by free ferrous heme within the acidic digestive 
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vacuole of the intra-erythrocytic parasite constitutes the 
central chemical step of artemisinin’s pharmacology dis-
cussed at length in Sect.  "Mechanism of action: role of 
the endoperoxide bridge" the broader pharmacological 
activity of Artemisia annua extends well beyond arte-
misinin alone and is distributed, in a quantifiable man-
ner, across a chemically diverse matrix of co-extracted 
secondary metabolites [23, 26], as catalogued by Suberu 
and Cech and cross-validated by Rasoanaivo in Supple-
mentary Annex C, (extraction grid for the in  vitro syn-
ergy/antagonism evidence base) and critical-appraised 
in Supplementary Annex D, under the RITAM-in-vitro 
extended scheme. This matrix contains the flavonoids 
quercetin, luteolin, and casticin; the non-peroxidic 
sesquiterpenes arteannuin B, artemisitene, and 9-epi-
artemisinin; coumarins exemplified by scopoletin; and 
additional polyphenols that together comprise what Cae-
sar & Cech describe as approximately thirty co-occurring 
flavonoids and sesquiterpenes, some of which possess 
minor antiplasmodial activities in their own right [23, 
26, 49] the per-compound catalogue extracted from Cae-
sar & Cech reproduced in Supplementary Annex C, and 
appraised in Supplementary Annex D. Flavonoids are the 
most extensively characterised of these non-artemisinin 
co-extractives at the pharmacological level: they inhibit 
parasite cytochrome P450-mediated detoxification, par-
ticularly the CYP3A4 isoform, and thereby prolong the 
residence time of artemisinin-derived radicals at the 
digestive vacuole, while their own intrinsic IC₅₀ values 
against P. falciparum 3D7 fall within the low-micromolar 
range an effect Ferreira and colleagues describe in the 
broader medicinal-chemistry literature as the "resurgent 
idea that multi-component drug therapy might be better 
than monotherapy," giving phytochemical plausibility to 
the matrix-effect concept that underwrites the present 
review’s mechanistic hypothesis [23, 26, 50].

The quantitative chemistry of the matrix has been 
characterised by HPLC–MS, GC–MS, and NMR fin-
gerprinting across a range of cultivars, harvest timings, 
and infusion protocols, and the resulting analytical pro-
file documents a fluctuating phytochemical fingerprint 
that is highly sensitive to cultivar identity, soil condi-
tions, harvest timing, post-harvest drying, and the tem-
perature–time profile of the decoction step [20]. Across 
documented traditional preparations, artemisinin con-
tent ranges from approximately 0.1  mg/L to nearly 
48  mg/L, and this order-of-magnitude variation is the 
headline obstacle to any reproducible dose–response 
interpretation of the matrix [20] the per-cultivar concen-
tration range documented in Supplementary Annex C 
and appraised in Supplementary Annex D, under the phy-
tochemistry-specific reporting quality scheme. Within 
a single controlled preparation, however, the chemical 

identity of the matrix becomes much more sharply 
defined: Suberu and colleagues quantified the principal 
co-extracted constituents of the A. annua tea prepara-
tion used in their own in vitro IC50 assays as artemisinin 
47.5 ± 0.8 mg/L, dihydroartemisinic acid 70.0 ± 0.3 mg/L, 
arteannuin B 1.3 ± 0.0 mg/L, and the polyphenolic flavo-
noid isovitexin 105.0 ± 7.2  mg/L, with additional poly-
phenolic acids recovered at lower concentrations [23] the 
per-compound HPLC–MS quantification reproduced in 
Supplementary Annex C and appraised in Supplemen-
tary Annex D.

A complementary untargeted-metabolomic survey of 
teas from one Mediterranean and ten Beninese cultiva-
tion sites reported a continental-scale artemisinin range 
of 0.3  mg/L in plants cultivated in France to 15.7  mg/L 
in plants cultivated in Benin, a 24% to 48% one-year 
post-harvest storage loss across three localities, and the 
detection of previously uncharacterised alkaloids that 
correlated statistically with the antiplasmodial activity 
of the tea preparation beyond what artemisinin content 
alone could explain [22] the continental-scale untar-
geted-metabolomic survey documented in Supplemen-
tary Annex C, and appraised in Supplementary Annex 
D. Together these two analytical-chemistry datasets 
demonstrate that the matrix-effect argument is anchored 
on a much richer, much more variable chemistry than 
the artemisinin concentration alone would suggest [20, 
22, 23]. The corresponding GRADE certainty for the 
phytochemistry-of-the-matrix argument is rated mod-
erate in Supplementary Annex F under the indirectness 
domain ("ex vivo and in  vitro data with cross-cultivar 
calibration").

Three distinct manufacturing modalities yield differ-
entiated phytochemical fingerprints and therefore dif-
ferentiated in vivo antiplasmodial profiles. Conventional 
solvent extraction with ethanol or methanol co-extracts 
artemisinin together with the polar flavonoid fraction 
in a single operation and is the methodology underlying 
most of the IC₅₀ evidence reviewed in §3.5; maceration 
preserves heat-sensitive terpenes — including arteannuin 
B and the dehydro-sesquiterpene artemisitene — and 
remains the dominant modality in resource-limited set-
tings because it does not require industrial infrastructure; 
and supercritical fluid extraction with carbon dioxide 
provides a high-purity, solvent-free alternative that pre-
serves the integrity of heat-sensitive sesquiterpenes, 
enables selective fractionation of the plant matrix, and 
is now considered the method of choice for high-grade 
pharmaceutical production [20, 21] the three-modality 
qualitative comparison documented in Supplementary 
Annex C and cross-appraised in Supplementary Annex 
D. Methodological choice is therefore not a neutral tech-
nical decision in the present review’s appraisal: each 
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modality produces a measurably different antimalarial 
fingerprint, and accumulating evidence indicates that the 
non-artemisinin fraction can both potentiate and limit 
the antiplasmodial effect of any given preparation in ways 
that are not predictable from artemisinin content alone 
[22, 29].

At the in  vitro level, the combination of artemisinin 
and the non-peroxidic flavonoids particularly luteolin, 
quercetin, and casticin consistently reduces P. falciparum 
IC₅₀ values, with whole-plant aqueous extract activity 
exceeding equivalent-concentration purified artemisinin 
by a factor of three to five on drug-sensitive 3D7 and 
on chloroquine- and multidrug-resistant comparator 
strains at an artemisinin-to-flavonoid molar ratio of one 
to three [23] the per-strain IC₅₀ ratio ensemble (3D7, 
CQ-R, multi-drug-resistant) tabulated in Supplementary 
Annex C with appraisal in Supplementary Annex D. The 
Chou–Talalay combination-index framework captures 
the same trend numerically: combination indices of 0.36 
for luteolin, 0.42 for quercetin, and 0.58 for casticin have 
been documented in P. falciparum 3D7 cultures, indicat-
ing synergistic interaction by a strict pharmacological 
definition, and whole-plant infusions achieve IC₅₀ val-
ues below 1  μmol/L for the most active combinations 
[23] the per-molar-ratio numerical extraction repro-
duced in Supplementary Annex C, and critical-appraised 
in Supplementary Annex D. In the Suberu 2013 study 
the same protocol also identified a synergy-class break-
down: mono-caffeoylquinic acids, tri-caffeoylquinic 
acid, artemisinic acid, and arteannuin B showed addi-
tive interaction against the chloroquine-sensitive refer-
ence strain, while rosmarinic acid was synergistic in the 
chloroquine-sensitive strain but strongly antagonised 
artemisinin in the chloroquine-resistant strain, with arte-
annuin B emerging as the only co-extracted metabolite 
that retained synergy against chloroquine-resistant para-
sites [23] the per-compound synergy classification matrix 
reproduced in Supplementary Annex C and appraised in 
Supplementary Annex D.

The same authors also documented that 9-epi-arte-
misinin and artemisitene themselves display mild-to-
strong antagonistic interactions with artemisinin in the 
SYBR Green I assay despite having intrinsic IC₅₀ values 
below 1  μmol/L, a finding that directly calibrates the 
"everything in the matrix synergises with artemisinin" 
narrative against which the broader claim of consist-
ency must be read [23] the antagonism-by-SYBR-Green-I 
sub-row of Supplementary Annex C, with the assay-
quality-appraisal crosslink in Supplementary Annex D. 
This polypharmacological matrix effect simultaneously 
engages heme alkylation, parasite fatty-acid biosynthesis, 
isoprenoid biosynthesis, and CYP3A4-mediated detoxi-
fication, and it erects a higher genetic barrier against 

resistance than any monotherapy could deliver on its own 
quantifiable in the pre-clinical Elfawal 2015 follow-up 
study, in which stable resistance to whole-plant therapy 
emerged three times more slowly than stable resistance 
to an equivalent dose of pure artemisinin, and in which 
whole-plant therapy proved even more resilient than 
the double dose of pure artemisinin [23, 25, 26], with 
the per-murine-passage resistance emergence curve, the 
equivalent-dose-matched comparison, and the double-
dose-pure-artemisinin control arm registered in Sup-
plementary Annex C, and appraised in Supplementary 
Annex D.

The same flavonol-synergy framework is plausibly asso-
ciated with broader pharmacological effects beyond anti-
plasmodial action: A. annua extracts have been reported 
to exhibit antimicrobial, antiviral, and anti-inflammatory 
properties in ancillary assays, consistent with the docu-
mented bioactivity profile of artemisinin-derived com-
pounds and of co-extracted polyphenols, a profile of 
particular interest in resource-limited settings where 
affordable, multi-functional therapeutics are urgently 
needed [19, 21, 50] — the ancillary pharmacological 
activities documented in Supplementary Annex C with 
appraisal in Supplementary Annex D.

A critical methodological caveat, however, constrains 
the generalisability of the in vitro synergy findings to tra-
ditional tea preparations. Weathers and Towler demon-
strated in 2012 that under a standard hot-water infusion 
protocol reported to be highly effective for artemisinin 
extraction, only 1.8% of casticin and essentially undetect-
able artemetin were recovered from the infusion, and that 
40% of the casticin that was recovered was lost after 24 h 
at room temperature [48] the per-compound percent-
recovery extraction reproduced in Supplementary Annex 
C and appraised in Supplementary Annex D under the 
Weathers & Towler specific assay-quality scheme. In a 
parallel analytical study, the Elfawal group quantified that 
a 5-min boiling water extraction recovers approximately 
90% of the plant’s artemisinin but loses approximately 
99% of some of the original flavonoids that reportedly 
synergise with artemisinin, a finding that led the same 
authors to formally distinguish the whole-plant dried-leaf 
preparation they were testing from any tea or infusion 
preparation [37] the per-compound percent-recovery 
extraction in the 5-min boiling protocol documented in 
Supplementary Annex C with cross-appraisal in Supple-
mentary Annex D. Read together, these two analytical-
chemistry findings establish that the matrix-effect claim, 
anchored as it is on synergy with polymethoxylated flavo-
noids, is genuinely strong for the dried-leaf whole-plant 
preparation studied by Elfawal and colleagues, but is sub-
stantially underwritten for the traditional tea-infusion 
preparation actually consumed by patients in the Mueller, 
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Blanke, and Magalhães trials reviewed in Sect.  "Clini-
cal efficacy and resistance management" [24, 25, 28, 36, 
37, 48] the in  vivo translation imprecision registered in 
Supplementary Annex F at moderate GRADE certainty 
under the imprecision cross-domain rating.

The principal remaining limitation is therefore the wide 
inter-cultivar and inter-preparation variability of arte-
misinin content in tea [20, 22] the inter-cultivar variabil-
ity limitation cross-registered in Supplementary Annex F 
at low certainty under the inconsistency domain ("differ-
ential sensitivity to cultivar, harvest timing, post-harvest 
drying, decoction temperature–time profile"), with the 
per-cultivar and per-locality concentration ranges feed-
ing the GRADE inconsistency appraisal fed back into 
Supplementary Annex C and Annex D.

Clinical and public health implications
Several randomised and observational studies provide 
evidence for the therapeutic potential of A. annua prepa-
rations in falciparum malaria, although the pattern they 
converge on is more nuanced than a simple yes-and-no 
binary. Three pivotal trials in uncomplicated P. falcipa-
rum malaria define the upper and lower bounds. Muel-
ler et al., 2004 Randomised parallel trial (RoB 1.0) n = 154 
adults, uncomplicated P. falciparum Low risk of bias 
(Cochrane RoB 1.0) Infusion of 5 g/L or 9 g/L dried herb; 
1  L/day × 7 d Day-7 cure 74% vs 91% (quinine); rapid 
parasite clearance in both arms; recrudescence ~ 26% by 
end-of-follow-up; day-28 parasitological cure not directly 
reported; sustained-cure extrapolation at day-28 horizon 
consistent with ~ 74% but not directly measured [36]. 
Detailed extraction of this trial’s PICOS components, 
including sample size, allocation, follow-up windows 
and complete numerators/denominators, is reported in 
Supplementary Annex C and the methodological qual-
ity assessment per RoB 2.0 is reported in Supplementary 
Annex D. Blanke and colleagues subsequently compared 
5  g/L infusion against sulfadoxine–pyrimethamine in 
semi-immune adults in the Democratic Republic of the 
Congo in a smaller randomised pilot series of 19 patients 
(10 in the A. annua arm and 9 in the SP arm at enrol-
ment): day-7 cure rates were 7/10 versus 7/9, day-14 cure 
rates were 4/10 versus 4/9, and day-28 cure rates had 
collapsed to 1/9 (11.1%) in the A. annua arm and 3/8 
(37.5%) in the SP arm, a trajectory the original authors 
described as a "sub-therapeutic exposure" of the plant 
matrix against a partially failing standard drug [24]. The 
complete extraction grid for this DRC pilot and its RoB 
2.0 per-domain assessment are reported in Supplemen-
tary Annex C, and in Supplementary Annex D, respec-
tively. A more recent Brazilian randomised controlled 
trial by Melillo de Magalhães and colleagues tested the 
CPQBA variety of A. annua (artemisinin content ≈ 1% 

of dried leaf ) in a small cohort of patients: 4 of 7 (57.1%) 
of the tea-arm patients exhibited WHO Type I resistance 
with parasitaemia returning between day 14 and day 21, 
and the remaining tea-arm patients exhibited Type II 
or III resistance, a relapse pattern that did not establish 
non-inferiority to the standard artemether–lumefantrine 
comparator beyond 14 days of follow-up [28]. The corre-
sponding extraction is in Supplementary Annex C, with 
the RoB 2.0 evaluation in Supplementary Annex D.

Two complementary studies calibrate the clinical 
evidence: a Ugandan community randomised trial by 
Ogwang and colleagues enrolled 132 flower-farm work-
ers to once-weekly A. annua infusion versus placebo 
for 9  months and documented a 55% reduction in the 
risk of experiencing more than one episode of malaria 
(12/67 versus 26/65; p = 0.005), with bitter taste as the 
most commonly reported side effect and no serious 
adverse events [40]; and a case series from the Demo-
cratic Republic of the Congo by Daddy and colleagues 
described 18 patients with severe malaria refractory to 
both ACT and intravenous artesunate who, on compas-
sionate grounds, received dried-leaf A. annua tablets and 
who re-cleared their parasitaemia the severely ill upper-
bound counterpart to the Ogwang healthy-worker pre-
vention case at the lower extreme [41]. The extraction 
grids for these two complementary studies are reported 
in Supplementary Annex C.

From a public-health perspective the affordability and 
accessibility of A. annua preparations continue to render 
them an attractive option for malaria control in resource-
constrained regions of sub-Saharan Africa [7, 18]. Unlike 
ACTs, which face recurrent challenges related to high 
costs, supply-chain failures, and stock-outs at periph-
eral health facilities, A. annua can in principle be locally 
cultivated, prepared at household level, and adminis-
tered without prescription a fact that, at a time when 
the World Malaria Report 2025 records a growing mis-
match between biological threats and shrinking opera-
tional resources on the continent, gives the whole-plant 
preparation its principal decisional appeal [7, 18]. How-
ever, the absence of rigorous standardisation in prepa-
ration methods — from cultivar to leaf-to-water ratio, 
infusion time, and storage leads to inconsistent dos-
ing and, as documented in §3.6, to a wide inter-cultivar 
range of artemisinin content in teas (0.1 → ~ 48  mg/L), 
with the Weathers & Towler 2012 analytical-chemistry 
caveat that polymethoxylated flavonoids like casticin are 
themselves poorly recovered from standard infusions 
reinforcing the problem at the matrix rather than the 
parent-drug level [20, 24, 28, 48]. The potential for sub-
therapeutic exposure that follows from this variability 
raises significant concerns about the inadvertent accel-
eration of the resistance-selection dynamics documented 
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in Pfkelch13-endemic African settings [18, 23, 32, 34, 
38]. These tensions between local accessibility and phar-
macokinetic reliability define the central public-health 
dilemma addressed by this systematic review. The full 
search strategy that identified the evidence base for this 
dilemma, including the four bibliographic databases plus 
citation searching and hand-searching of reference lists, 
is detailed in Supplementary Annex B, and the PRISMA 
2020 reporting framework against which the §3.7 narra-
tive was constructed is detailed in Supplementary Annex 
A [33].

The safety profile of A. annua herbal-infusion prepa-
rations is generally favourable within the doses and 
durations tested in the included human trials and obser-
vational studies. Reported side effects were typically mild 
and gastrointestinal in nature in Mueller, Blanke, and 
Magalhães nausea or epigastric discomfort, bitter taste 
noted explicitly by Ogwang and no serious adverse events 
were reported in the included adult or paediatric cohorts 
apart from one serious tea-related event recounted in 
literature reviews [24, 28, 36, 40]. The complete extrac-
tion of these safety signals is reported in Supplementary 
Annex C each row carrying the verbatim adverse-event 
counts and the duration of follow-up used to establish 
the safety conclusion. Pre-clinical in  vivo data corrobo-
rate a reasonable margin of safety within the dose ranges 
tested in murine models; Elfawal and colleagues did not 
document significant whole-plant A. annua toxicity at 
the doses capable of producing parasitological cure and 
slowing resistance evolution in the SCID-mouse model 
of P. falciparum [25, 37]. The murine-model evidence is 
extracted in Supplementary Annex C. Read against the 
broader WHO herbal-medicine framework for tradi-
tional-use preparations, these in  vivo data support the 
position of A. annua tea as a preparation whose safety 
is consistent with the historical-cultural-use category 
when consumed within documented dose ranges [18, 
21]. However, a critical lack of specific safety data persists 
regarding excessive consumption, intermittent prophy-
lactic dosing regimens in healthy adults, or use during 
pregnancy or in children under five, and explicit caution 
is therefore warranted in these vulnerable populations 
[18, 21, 28].

The resistance-surveillance landscape sharpens the 
public-health interpretation of these clinical results. The 
emergence and clonal expansion of validated Pfkelch13 
propeller-domain mutations specifically R561H in 
Rwanda (documented from the 2013–2015 National 
Malaria Programme clinical efficacy trial through the 
2018 + Rukara surveillance expansion) and A675V across 
East and Horn of African sites, with concordant multi-
marker prevalence across Ugandan sites in 2023–2024 
underscores the structural fragility of contemporary 

antimalarial efficacy against the African P. falciparum 
reservoir [8–11]. The molecular-marker extraction for 
these four East African surveillance studies is reported in 
Supplementary Annex C with the corresponding meth-
odological quality assessment in Supplementary Annex 
D. A structured narrative summary of the GRADE-style 
certainty ratings for all twelve outcomes (parasitologi-
cal clearance at day 7, day-28 cure, multiple-episode 
prevention, in  vitro synergy, IC₅₀ reduction, resistance 
emergence, heme-binding affinity in mutant PfKelch13, 
geographical expansion of partial resistance, flavonoid 
recovery, cultivar variability, and overall safety) appears 
in Supplementary Annex F. Sustained high prevalence 
of multiple markers, including reduced susceptibility 
both to artemisinin and to its partner drugs, has been 
documented in northern Uganda during 2023–2024, and 
the broader context is one in which the World Malaria 
Report 2025 records that both biological threats and the 
financial strength of the response are diverging in the 
wrong direction [7, 10, 34]. The full 100-record PRISMA 
2020 selection flow behind this Uganda/Rwanda/Tanza-
nia evidence is detailed in Supplementary Annex B, with 
the 46 records excluded at screening plus the 10 records 
excluded at full-text eligibility itemised, with reasons, in 
Supplementary Annex E.

Integrating A. annua preparations into formal malaria-
control programmes therefore requires strict alignment 
with WHO policy positions, which currently recommend 
against artemisinin monotherapy including herbal infu-
sions and herbal teas in order to preserve drug longev-
ity, and which increasingly emphasise the shift toward 
triple-combination therapies in regions where resist-
ance to both the artemisinin and the partner drug is ris-
ing, in tandem with rigorous molecular surveillance of 
Pfkelch13, Pfmdr1, and related resistance markers [7, 
16–18, 35]. The GRADE-style certainty grades for these 
WHO policy-alignment outcomes are reported in Sup-
plementary Annex F, and a structured narrative sum-
mary, mechanism by mechanism, corroborating that 
whole-plant matrix-effect inference remains biologi-
cally plausible but only moderate-certainty in the clinical 
domain is reported in Supplementary Annex F under the 
"In vitro combination synergy" and "Resistance emer-
gence dynamics" rows. The convergence of pre-clinical 
matrix-effect evidence (§3.5, §3.6) and the clinical recru-
descence data surveyed in this section establishes that 
A. annua herbal tea can serve only as a regulated, sup-
portive adjourning intervention within resistance-con-
tainment programmes and never as monotherapy in 
Pfkelch13-endemic settings [18, 23, 25, 35, 48].

Practically, this means that any operational use of the 
preparation should be paired with rigorous HPLC–
MS quantification of artemisinin and the principal 
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co-extracted polymethoxylated flavonoids, with docu-
mented daily-dose exposure rather than cup-counting, 
with screening for Pfkelch13 mutations at the point of 
care or in the affected community, and with continual 
pharmacovigilance in vulnerable populations [18, 20, 
23, 24, 28, 35, 48]. The complete methodological frame-
work against which this operational recommendation is 
structured is reported in Supplementary Annex A [33], 
the PROSPERO registration metadata that prospectively 
endorsed the present operational synthesis is reported 
in Supplementary Annex G, and the full alphabetical 
list of all abbreviations used throughout this manuscript 
is reproduced in the Abbreviations table at the end of 
the main text and cross-referenced in Supplementary 
Annex H for the expanded nomenclature, controlled-
vocabulary mapping, and MeSH/EMA preferred-term 
correspondences.

Discussion
The review synthesises six interlocking thematic strands. 
The first strand concerns the phytochemical mechanisms 
that operate beyond artemisinin in whole-plant A. annua 
preparations. While artemisinin is the most extensively 
characterised bioactive constituent of A. annua, accu-
mulating evidence indicates that other phytochemicals 
notably the flavonoids quercetin, luteolin, and casticin, 
the non-peroxidic sesquiterpenes arteannuin B and arte-
misitene, and the coumarins contribute substantially to 
the antimalarial activity of the whole-plant matrix [26], 
as catalogued in Supplementary Annex C with their cor-
responding risk-of-bias appraisals tabulated in Supple-
mentary Annex D under the RITAM-in-vitro appraisal 
framework. These secondary metabolites act in synergy 
with artemisinin through a polypharmacological mecha-
nism that simultaneously engages multiple parasitic tar-
gets and elevates the genetic barrier to resistance [23, 
25], a mechanistic premise retained at moderate GRADE 
certainty in Supplementary Annex F on the grounds of 
mechanistic coherence but pharmacological heteroge-
neity across cultivars. Several experimental studies have 
demonstrated that whole-plant A. annua preparations 
provide more sustained antimalarial effects than puri-
fied artemisinin administered at equivalent doses, with 
the secondary metabolites stabilising and potentiat-
ing the activity of the parent sesquiterpene lactone [25, 
26, 37]. Suberu and colleagues reported that combin-
ing artemisinin with non-peroxidic flavonoids in  vitro 
consistently reduced P. falciparum IC₅₀ values: at an 
artemisinin-to-flavonoid molar ratio of 1:3, combina-
tion indices were consistently below unity (CI = 0.36 for 
luteolin, 0.42 for quercetin, and 0.58 for casticin), and 
IC₅₀ values fell below 1 µmol/L for the most active com-
binations [23]. Rasoanaivo and colleagues documented 

that A. annua extracts combining artemisinin with co-
extracted polyphenols outperformed purified artemisinin 
against several drug-resistant P. falciparum strains, an 
effect attributed to the redundant biological pathways 
targeted by the plant matrix [26]. Important caveats 
temper these observations. The inter-cultivar variability 
of secondary-metabolite profiles is substantial: HPLC–
MS (high-performance liquid chromatography coupled 
to mass spectrometry) analyses have shown that arte-
misinin, dihydroartemisinic acid, and arteannuin B yields 
can vary by an order of magnitude across cultivars, har-
vest timings, and soil conditions [20, 37], with the per-
cultivar concentration range (~ 0.3–15.7 mg/L across the 
eleven-location Beninese–Mediterranean survey) and 
post-harvest loss (24–48% over a single year of storage) 
tabulated in Supplementary Annex C. The potentiation 
observed in vitro has not been quantitatively reproduced 
in adequately powered human trials, and the matrix 
effect should therefore be considered biologically plausi-
ble but not yet clinically validated [25, 26]. The promising 
yet preliminary nature of the synergy data, together with 
the documented variability in extract composition, indi-
cates that A. annua infusions cannot yet be standardised 
to a reproducible phytomedicine without upstream agro-
nomic and phytochemical process control [23, 37].

The second strand concerns the endoperoxide-bridge 
chemistry that underlies artemisinin’s pharmacologi-
cal activation. As illustrated in Fig.  2, the pharmacoph-
ore of artemisinin is defined by an internal endoperoxide 
bridge (the dioxygen motif formally written as –O–O–), 
which is structurally conserved across the entire family 
of semi-synthetic derivatives in clinical use (artesunate, 
artemether, dihydroartemisinin) and across the sesquit-
erpene fraction recovered in A. annua infusions [19, 
20]. The therapeutic activation of this pharmacophore 
requires intra-parasitic iron in its ferrous state: free heme 
(ferroprotoporphyrin IX, Fe2⁺) is released as a by-product 
of host haemoglobin digestion within the parasite’s acidic 
digestive vacuole, and it is the Fe2⁺ oxidation state, not 
Fe3⁺, that catalyses the reductive cleavage of the bridge 
[19]. The acidic pH of the digestive vacuole (approxi-
mately 5.2–5.5) and the high local concentration of free 
heme together concentrate this reaction at the site of 
action, which partly explains the selectivity of artemisinin 
for Plasmodium-infected erythrocytes relative to unin-
fected host cells [19]. The carbon-centred radicals and 
the secondary reactive oxygen species generated through 
this cascade form covalent bonds with vital parasite pro-
teins and with heme itself, causing widespread oxidative 
stress, lipid peroxidation of parasite membranes, disrup-
tion of haemoglobin-derived detoxification pathways, 
and ultimately parasite death [19, 23, 26]. In the mod-
ern pharmacological literature, three families of reactive 
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intermediates are therefore distinguished carbon-centred 
radicals, reactive oxygen species, and alkylating interme-
diates and their integrated damage collectively targets the 
PfATP6 SERCA-type Ca2⁺-ATPase, parasite membranes, 
and the heme-polymerisation machinery that detoxi-
fies free haem in the digestive vacuole [23, 26]. Rasoana-
ivo and colleagues further emphasise that this alkylating 
activity is potentiated when artemisinin is delivered in 
combination with flavonoids such as quercetin, luteolin, 
and casticin, because the latter inhibit parasite CYP3A4-
mediated detoxification and prolong the residence time 
of artemisinin radicals at the site of action [23, 26]. 
Recent molecular and computational work has refined 
this picture: photoaffinity probe studies have identified 
additional artemisinin-binding targets in the intraeryth-
rocytic developmental cycle [30], and Pfkelch13 proteins 
harbouring resistance-conferring propeller mutations 
display reduced heme-binding affinity and decreased 
artemisinin activation [31]. Several recent comprehensive 
reviews have consolidated this mechanistic substrate [32, 
38, 39]. The endoperoxide-driven mechanism summa-
rised above is mechanistically conserved across P. falci-
parum, P. vivax, P. ovale, P. malariae, and P. knowlesi, and 
is the chemical feature that links the modern pharmaceu-
tical derivatives back to the empirical use of A. annua tea 
in traditional Chinese medicine [19, 20, 23].

Figure 2 proposed antiplasmodial mechanism of action 
of artemisinin and the matrix effect of co-extracted 
Artemisia annua phytochemicals on Plasmodium falci-
parum. Upon entry of artemisinin into the Plasmodium-
infected erythrocyte, free heme (ferroprotoporphyrin 
IX) released from haemoglobin proteolysis catalyses the 
reductive cleavage of the endoperoxide bridge (–O–O–) 
of the sesquiterpene, generating a cascade of reactive 
oxygen-centred and carbon-centred free radicals. These 
radicals covalently alkylate vital parasite proteins and 
membranes, disrupt heme crystallisation, and trigger oxi-
dative damage that eradicates the parasite. Co-extracted 
A. annua phytochemicals (flavonoids, non-peroxidic ses-
quiterpenes) contribute the matrix effect by inhibiting 
parasite CYP3A4-mediated detoxification and prolong-
ing artemisinin-radical residence time, thereby slowing 
the evolution of Pfkelch13-mediated resistance

The third strand concerns the clinical efficacy evidence. 
Across the 30 retained studies, the clinical efficacy of 
whole-plant Artemisia annua infusions consistently dis-
played a paradoxical pattern: rapid initial parasite clear-
ance, in many cases comparable to that of conventional 
antimalarials, but high day-28 recrudescence that falls 
well short of the PCR-adjusted cure rates documented in 
parallel African ACT cohorts. The earliest randomised 
clinical trial, by Mueller and colleagues, enrolled 154 
patients with uncomplicated P. falciparum malaria in a 

low-transmission African setting and randomised them 
to infusions prepared from 5 g/L or 9 g/L of dried herb, 
with one litre consumed daily for seven days [36]. At day 
7, the cure rate averaged 74% in the A. annua arms ver-
sus 91% in the quinine arm, and the authors concluded 
that "monotherapy with Artemisia annua L. cannot be 
recommended as alternative to modern antimalarials, 
but may deserve further investigation" because, despite 
the early resolution of parasitaemia and clinical symp-
toms, the recrudescence rate in the A. annua arms rose 
steeply over the ensuing weeks. The Mueller 2004 trial 
did not directly report day-28 parasitological cure as a 
primary endpoint; an end-of-follow-up recrudescence of 
approximately 26% overall is consistent with a sustained-
cure extrapolation of ~ 74% at that horizon, but that fig-
ure is derived and should not be interpreted as a directly 
measured day-28 endpoint. The Mueller signal was cor-
roborated and extended by Blanke and colleagues, who 
compared a 5  g/L A. annua infusion against sulfadox-
ine–pyrimethamine in semi-immune adults with uncom-
plicated falciparum malaria [24]. In that trial, the day-7 
cure rate was 7/10 in the A. annua arm and 7/9 in the SP 
comparator; the day-14 cure rate declined in parallel, to 
4/10 versus 4/9; and by day 28 the cure rate had collapsed 
to 1/9 (11.1%) in the A. annua arm and 3/8 (37.5%) in 
the SP comparator. Substituting quinine for SP does not 
change the central finding that whole-plant infusion, as 
monotherapy, cannot reliably sustain a 28-day parasito-
logical cure in the populations studied [24, 36]. A more 
recent Brazilian randomised controlled trial by Melillo 
de Magalhães and colleagues tested a higher-artemisinin 
UNICAMP variety (CPQBA, with an artemisinin content 
of approximately 1% of dried leaf ) at a dose of 1.25 g of 
dried leaves in 250  mL of just-boiled water consumed 
every six hours for seven days, yielding a cumulative 
artemisinin exposure of approximately 175  mg, against 
an artemether–lumefantrine regimen delivering approxi-
mately 525  mg of artemether [28]. Although parasitae-
mia in the tea group became negative in the first days 
of treatment despite the one-third dose, 4 of 7 patients 
(57.1%) treated with the A. annua tea exhibited WHO 
Type I resistance, with return of parasitaemia between 
day 14 and day 21, and the remaining tea-group patients 
exhibited Type II or III resistance. The Magalhães find-
ing reinforces a now-consistent pattern: faster-than-
expected initial clearance at sub-equivalent artemisinin 
doses, attributable plausibly to the contribution of fla-
vonoids and other co-extracted phytochemicals, fol-
lowed by recrudescence that the lower dose, the absence 
of a long-acting partner drug, or the inter-cultivar vari-
ability of the preparation cannot reliably prevent [28]. 
Two complementary strands of clinical evidence further 
calibrate the day-28 limitation. A Ugandan community 
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randomised trial by Ogwang and colleagues, in which 
132 flower-farm workers without A. annua exposure at 
baseline were allocated 1:1 to either A. annua infusion or 
placebo for 9 months of observation, found a 55% reduc-
tion in the risk of experiencing more than one episode of 
malaria (12/67 in the A. annua arm versus 26/65 in the 
placebo arm; p = 0.005), with bitter taste the most com-
monly reported side effect and no serious adverse events 
recorded [40]. A second strand, reported by Daddy and 
colleagues as a case series from the Democratic Republic 
of the Congo, described 18 patients with severe malaria 
who were refractory to standard ACT and to intravenous 
artesunate and who, on compassionate grounds, received 
dried-leaf A. annua tablets; all 18 cleared their parasitae-
mia [41]. Together, the prevention trial and the severe-
malaria case series define the lower and upper bounds 
of the evidence: prophylactic benefit consistent with 
sub-curative dosing, and therapeutic benefit in ACT-
refractory severe disease, with the mainstream uncom-
plicated-malaria cure deficit at day 28 cleanly bracketed 
between these two uses [40, 41].

The day-28 deficit of A. annua monotherapy becomes 
quantitatively sharpest when set against the modern 
ACT benchmarks documented in African cohorts. In 
the 4ABC African paediatric head-to-head study, day-
28 PCR-adjusted adequate clinical and parasitologi-
cal response was 95.5% for artemether–lumefantrine (1 
094/1 146), 96.8% for artesunate–amodiaquine (880/909), 
and 97.3% for dihydroartemisinin–piperaquine (1 019/1 
047) [42]. Pyronaridine–artesunate achieved a per-proto-
col PCR-adjusted day-28 cure rate of 98.6% (7 369/7 746) 
and an intention-to-treat rate of 90.9% (7 705/8 478) in 
the real-world SAFI cohort enrolling patients across five 
African countries [43], and the 2022–2023 Liberian effi-
cacy survey reported PCR-adjusted day-28 rates of 100% 
and 95.9% for AL and 100% and 94.4% for ASAQ at the 
two study sites [44]. The day-28 cure rates of A. annua 
monotherapy reported by Blanke (11.1%) and Magalhães 
(none of the seven Brazilian patients sustained a day-28 
cure) fall markedly below this 95.5–98.6% ACT bench-
mark band, an order-of-magnitude gap that frames the 
present-day clinical use of A. annua infusion as a com-
plementary or adjourning intervention rather than a 
replacement for ACT [24, 28, 36, 42–44].

The fourth strand extends the mechanistic discussion 
to the matrix effect that emerges from co-extracted 
secondary metabolites. Beyond the endoperoxide-
bridge mechanism, the whole-plant matrix con-
tains a polypharmacological cocktail in which the 
flavonoids quercetin, luteolin, and casticin, the non-
peroxidic sesquiterpenes arteannuin B and artemisi-
tene, the coumarins exemplified by scopoletin, and a 
broader spectrum of polyphenols all jointly contribute 

antimalarial activity and resistance-modulating effects 
[23, 26]. In the phytotherapy literature this combination 
is described as plant-based artemisinin combination 
therapy (pACT), a structural analogue at the biologi-
cal level of conventional ACT: the matrix is treated as 
if it were a pharmaceutical in which several molecularly 
distinct antimalarial elements were pre-formulated in a 
single dosing unit [23, 26]. Suberu and colleagues quan-
tified the antiplasmodial activity of A. annua aqueous 
extracts and isolated artemisinin against drug-sensitive 
3D7 P. falciparum and against chloroquine-resistant 
and multidrug-resistant comparator strains: the cen-
tral finding is that whole-plant infusions consistently 
outperform the equivalent-concentration purified arte-
misinin by a factor of three to five in IC₅₀, indicating 
that the co-extracted secondary metabolites amplify 
parasite-killing activity beyond what artemisinin alone 
delivers against either sensitivity phenotype [23]. At 
the molecular level, Rasoanaivo and colleagues estab-
lished that the polyphenols and flavonoids in A. annua 
extracts inhibit parasite CYP3A4-mediated detoxifica-
tion and thereby prolong the residence time of arte-
misinin radicals at the parasite’s digestive vacuole, an 
effect plausibly distributed across the redundant bio-
logical pathways of the plant matrix [26]. Beyond the 
headline CI numbers, Suberu and colleagues docu-
mented a detailed synergy-class breakdown: mono-
caffeoylquinic acids, tri-caffeoylquinic acid, artemisinic 
acid, and arteannuin B showed additive interaction 
against the chloroquine-sensitive reference strain, while 
rosmarinic acid was synergistic in the chloroquine-
sensitive strain but strongly antagonised artemisinin 
in the chloroquine-resistant strain, with arteannuin 
B emerging as the only co-extracted metabolite that 
retained synergy against the chloroquine-resistant 
parasites [23]. The Chou–Talalay combination-index 
framework captures the same trend at the level of spe-
cific flavonoid pairings: at an artemisinin-to-flavonoid 
molar ratio of 1:3, combination indices of 0.36 for lute-
olin, 0.42 for quercetin, and 0.58 for casticin have been 
documented in P. falciparum 3D7 cultures, indicat-
ing synergistic interaction by a strict pharmacological 
definition [23]. From a pharmacokinetic perspective, 
the matrix effect is biologically plausible, though the 
supporting evidence carries quality-control liabilities. 
Heide documented substantial inter-cultivar variability 
in artemisinin yield within traditional teas, with con-
centrations ranging from approximately 0.1  mg/L to 
nearly 48 mg/L across cultivars and harvest conditions 
[20], and the de Ridder review of A. annua as a self-
reliant treatment in resource-limited settings empha-
sised that the matrix effect is not merely academic for 
endemic African populations because the combination 
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of artemisinin with locally available co-extracted poly-
phenols provides a biologically defensible rationale 
for traditional use while simultaneously flagging the 
public-health risks of sub-therapeutic exposure when 
standardised preparation is absent [21, 35]. Pre-clinical 
resistance-modulation evidence gives the matrix effect 
its strongest quantitative leg. Elfawal and colleagues 
demonstrated in a murine model that dried whole-plant 
A. annua slowed the evolution of artemisinin resist-
ance and partially overcame pre-existing resistance in 
Pfkelch13-mutant parasites [25, 37]. The 2015 follow-
up quantified this advantage precisely: stable resistance 
to whole-plant therapy was achieved three times more 
slowly than stable resistance to an equivalent dose of 
pure artemisinin, and whole-plant therapy proved even 
more resilient than the double dose of pure artemisinin 
[25]. The proposed mechanistic interpretation is that 
the matrix elevates the genetic barrier to resistance by 
combining artemisinin-mediated alkylation of para-
site proteins with polyphenol-mediated inhibition of 
P. falciparum detoxification pathways, multi-targeting 
strategies that raise the number of independent resist-
ance mutations the parasite must accumulate to escape 
the treatment [23, 25, 26, 37]. Important caveats tem-
per the translation of the matrix effect from bench to 
bedside. The in vitro potency ratios documented above 
are sensitive to cultivar, leaf-to-water ratio, decoction 
time, and harvest timing, with preparations lacking rig-
orous standardisation yielding widely divergent results 
[20, 23, 24, 36]. The clinical trials reviewed above did 
not demonstrate a clinical matrix effect on day-28 
recrudescence: the reduction in early parasitaemia was 
comparable across A. annua infusions and standard 
therapy, but the high recrudescence rate documented 
particularly by Blanke (day-28 cure rate of 1/9 versus 
3/8 for the sulfadoxine–pyrimethamine comparator) 
and Mueller (day-7 cure rate of 74% versus 91% for qui-
nine) suggests that the in  vivo concentrations of the 
polyphenol-to-artemisinin ratio achievable through 
one litre per day of 5 g/L infusion are likely to lie at the 
lower extreme of the in vitro dose–response curve [23, 
24, 26, 28, 36]. Furthermore, the WHO categorically 
discourages artemisinin monotherapy including herbal 
brews in any form, on the grounds that sub-therapeutic 
exposure is one of the principal drivers of the contem-
porary African resistance dynamic [18, 35]. Translated 
into the framework of this systematic review, the matrix 
effect constitutes a biologically defensible and pre-
clinically supported target of phytomedicine research, 
but not a clinical recommendation for monotherapy in 
resistance-endemic settings, and any operational use of 
whole-plant A. annua should be paired with rigorous 
HPLC–MS standardisation of artemisinin and principal 

flavonoid content and with molecular surveillance of 
Pfkelch13 and Pfmdr1 in the target population [16–18, 
20, 23, 35].

The fifth strand concerns the analytical-chemistry 
constraints on reproducibility. Although the reductive 
cleavage of the endoperoxide bridge by free ferrous 
heme within the acidic digestive vacuole of the intra-
erythrocytic parasite constitutes the central chemi-
cal step of artemisinin’s pharmacology, the broader 
pharmacological activity of Artemisia annua extends 
well beyond artemisinin alone and is distributed, in a 
quantifiable manner, across a chemically diverse matrix 
of co-extracted secondary metabolites [23, 26]. This 
matrix contains the flavonoids quercetin, luteolin, and 
casticin; the non-peroxidic sesquiterpenes artean-
nuin B, artemisitene, and 9-epi-artemisinin; coumarins 
exemplified by scopoletin; and additional polyphenols 
that together comprise what Caesar and Cech describe 
as approximately thirty co-occurring flavonoids and 
sesquiterpenes, some of which possess minor antiplas-
modial activities in their own right [23, 26, 49]. Flavo-
noids are the most extensively characterised of these 
non-artemisinin co-extractives at the pharmacological 
level: they inhibit parasite CYP3A4-mediated detoxi-
fication while their own intrinsic IC₅₀ values against 
P. falciparum 3D7 fall within the low-micromolar 
range an effect Ferreira and colleagues describe in the 
broader medicinal-chemistry literature as a "resurgent 
idea that multi-component drug therapy might be bet-
ter than monotherapy," giving phytochemical plau-
sibility to the matrix-effect concept [23, 26, 50]. The 
quantitative chemistry of the matrix has been char-
acterised by HPLC–MS, GC–MS (gas chromatogra-
phy–mass spectrometry), and NMR (nuclear magnetic 
resonance) fingerprinting across a range of cultivars, 
harvest timings, and infusion protocols, and the result-
ing analytical profile documents a fluctuating phyto-
chemical fingerprint that is highly sensitive to cultivar 
identity, soil conditions, harvest timing, post-harvest 
drying, and the temperature–time profile of the decoc-
tion step [20]. Across documented traditional prepara-
tions, artemisinin content ranges from approximately 
0.1  mg/L to nearly 48  mg/L, and this order-of-magni-
tude variation is the headline obstacle to any reproduc-
ible dose–response interpretation of the matrix [20]. 
Within a single controlled preparation, however, the 
chemical identity of the matrix becomes much more 
sharply defined: Suberu and colleagues quantified the 
principal co-extracted constituents of the A. annua 
tea preparation used in their own in  vitro IC₅₀ assays 
as artemisinin 47.5 ± 0.8 mg/L, dihydroartemisinic acid 
70.0 ± 0.3  mg/L, arteannuin B 1.3 ± 0.0  mg/L, and the 
polyphenolic flavonoid isovitexin 105.0 ± 7.2 mg/L, with 
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additional polyphenolic acids recovered at lower con-
centrations [23]. A complementary untargeted-metab-
olomic survey of teas from one Mediterranean and ten 
Beninese cultivation sites reported a continental-scale 
artemisinin range of 0.3  mg/L in plants cultivated in 
France to 15.7  mg/L in plants cultivated in Benin, a 
24–48% one-year post-harvest storage loss across three 
localities, and the detection of previously uncharacter-
ised alkaloids that correlated statistically with the anti-
plasmodial activity of the tea preparation beyond what 
artemisinin content alone could explain [22]. Three 
distinct manufacturing modalities yield differentiated 
phytochemical fingerprints and therefore differenti-
ated in  vivo antiplasmodial profiles. Conventional sol-
vent extraction with ethanol or methanol co-extracts 
artemisinin together with the polar flavonoid fraction 
and is the methodology underlying most of the IC₅₀ evi-
dence reviewed above; maceration preserves heat-sen-
sitive terpenes including arteannuin B and artemisitene 
and remains the dominant modality in resource-limited 
settings; and SFE-CO₂ provides a high-purity, solvent-
free alternative that is considered the method of choice 
for high-grade pharmaceutical production [20, 21]. The 
same authors also documented that 9-epi-artemisinin 
and artemisitene themselves display mild-to-strong 
antagonistic interactions with artemisinin in the SYBR 
Green I assay despite having intrinsic IC₅₀ values below 
1  µmol/L, a finding that directly calibrates the "every-
thing in the matrix synergises with artemisinin" nar-
rative against which the broader claim of consistency 
must be read [23]. A critical methodological caveat, 
however, constrains the generalisability of the in  vitro 
synergy findings to traditional tea preparations. Weath-
ers and Towler demonstrated in 2012 that under a 
standard hot-water infusion protocol reported to be 
highly effective for artemisinin extraction, only 1.8% 
of casticin and essentially undetectable artemetin were 
recovered from the infusion, and that 40% of the cas-
ticin that was recovered was lost after 24  h at room 
temperature [48]. In a parallel analytical study, the 
Elfawal group quantified that a 5-min boiling water 
extraction recovers approximately 90% of the plant’s 
artemisinin but loses approximately 99% of some of the 
original flavonoids that reportedly synergise with arte-
misinin, a finding that led the same authors to formally 
distinguish the whole-plant dried-leaf preparation they 
were testing from any tea or infusion preparation [37]. 
Read together, these two analytical-chemistry find-
ings establish that the matrix-effect claim, anchored as 
it is on synergy with polymethoxylated flavonoids, is 
genuinely strong for the dried-leaf whole-plant prepa-
ration studied by Elfawal and colleagues, but is sub-
stantially underwritten for the traditional tea-infusion 

preparation actually consumed by patients in the Muel-
ler, Blanke, and Magalhães trials [24, 25, 28, 36, 37, 48].

The sixth strand addresses the public-health impli-
cations in Pfkelch13-endemic African settings. From a 
public-health perspective the affordability and acces-
sibility of A. annua preparations continue to ren-
der them an attractive option for malaria control in 
resource-constrained regions of sub-Saharan Africa 
[7, 18]. Unlike ACTs, which face recurrent challenges 
related to high costs, supply-chain failures, and stock-
outs at peripheral health facilities, A. annua can in 
principle be locally cultivated, prepared at household 
level, and administered without prescription a fact 
that, at a time when the World Malaria Report 2025 
records a growing mismatch between biological threats 
and shrinking operational resources on the continent, 
gives the whole-plant preparation its principal deci-
sional appeal [7, 18]. However, the absence of rigorous 
standardisation in preparation methods from cultivar 
to leaf-to-water ratio, infusion time, and storage leads 
to inconsistent dosing and, as documented above, to a 
wide inter-cultivar range of artemisinin content in teas 
(0.1– ~ 48  mg/L), with the Weathers & Towler 2012 
analytical-chemistry caveat that polymethoxylated fla-
vonoids like casticin are themselves poorly recovered 
from standard infusions reinforcing the problem at the 
matrix rather than the parent-drug level [20, 24, 28, 48]. 
The potential for sub-therapeutic exposure that follows 
from this variability raises significant concerns about 
the inadvertent acceleration of the resistance-selection 
dynamics documented in Pfkelch13-endemic African 
settings [18, 23, 32, 34, 38]. These tensions between 
local accessibility and pharmacokinetic reliability 
define the central public-health dilemma addressed by 
this systematic review. The safety profile of A. annua 
herbal-infusion preparations is generally favourable 
within the doses and durations tested in the included 
human trials and observational studies. Reported side 
effects were typically mild and gastrointestinal in nature 
in Mueller, Blanke, and Magalhães (nausea or epigas-
tric discomfort, with bitter taste noted explicitly by 
Ogwang), and no serious adverse events were reported 
in the included adult or paediatric cohorts apart from 
one serious tea-related event recounted in literature 
reviews [24, 28, 36, 40]. Pre-clinical in  vivo data cor-
roborate a reasonable margin of safety within the dose 
ranges tested in murine models; Elfawal and colleagues 
did not document significant whole-plant A. annua 
toxicity at the doses capable of producing parasitologi-
cal cure and slowing resistance evolution in the SCID-
mouse model of P. falciparum [25, 37]. Read against 
the broader WHO herbal-medicine framework for 
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traditional-use preparations, these in vivo data support 
the position of A. annua tea as a preparation whose 
safety is consistent with the historical-cultural-use cat-
egory when consumed within documented dose ranges 
[18, 21]. A critical lack of specific safety data persists, 
however, regarding excessive consumption, intermit-
tent prophylactic dosing regimens in healthy adults, 
or use during pregnancy or in children under five, and 
explicit caution is therefore warranted in these vulnera-
ble populations [18, 21, 28]. The resistance-surveillance 
landscape sharpens the public-health interpretation of 
these clinical results. The emergence and clonal expan-
sion of validated Pfkelch13 propeller-domain muta-
tions specifically R561H in Rwanda (documented from 
the 2013–2015 National Malaria Programme clinical 
efficacy trial through the 2018 + Rukara surveillance 
expansion) and A675V across East and Horn of Afri-
can sites, with concordant multi-marker prevalence 
across Ugandan sites in 2023–2024 underscores the 
structural fragility of contemporary antimalarial effi-
cacy against the African P. falciparum reservoir [8–11]. 
Sustained high prevalence of multiple markers, includ-
ing reduced susceptibility both to artemisinin and to 
its partner drugs, has been documented in northern 
Uganda during 2023–2024, and the broader context is 
one in which the World Malaria Report 2025 records 
that both biological threats and the financial strength 
of the response are diverging in the wrong direction [7, 
10, 34]. Integrating A. annua preparations into formal 
malaria-control programmes therefore requires strict 
alignment with WHO policy positions, which currently 
recommend against artemisinin monotherapy, includ-
ing herbal infusions and herbal teas, in order to pre-
serve drug longevity, and which increasingly emphasise 
the shift toward triple-combination therapies in regions 
where resistance to both the artemisinin and the part-
ner drug is rising, in tandem with rigorous molecu-
lar surveillance of Pfkelch13, Pfmdr1, and related 
resistance markers [7, 16–18, 35]. The convergence 
of pre-clinical matrix-effect evidence and the clinical 
recrudescence data surveyed in this section establishes 
that A. annua herbal tea can serve only as a regulated, 
supportive adjourning intervention within resistance-
containment programmes—and never as monotherapy 
in Pfkelch13-endemic settings [18, 23, 25, 35, 48]. The 
complete methodological framework against which this 
operational recommendation is structured is reported 
in Supplementary Annex A [33], the PROSPERO reg-
istration metadata that prospectively endorsed the pre-
sent operational synthesis is reported in Supplementary 
Annex G, and the full alphabetical list of all abbrevia-
tions used throughout this manuscript is reproduced in 

the Abbreviations table at the end of the main text and 
cross-referenced in Supplementary Annex H.

Conclusions
The present systematic review synthesised twenty-five 
years of pre-clinical and clinical evidence on whole-
plant Artemisia annua herbal teas across drug-sensitive, 
multidrug-resistant, and Pfkelch13-mutant contexts of 
uncomplicated Plasmodium falciparum malaria. Four 
interconnected domains were delineated: clinical and 
parasitological efficacy; the phytochemical matrix effect 
beyond artemisinin monotherapy; multi-target resist-
ance modulation under Pfkelch13 pressure; and the 
safety profile across vulnerable populations. From these 
four domains, five principal conclusions emerge, each 
anchored on the results reported in §3 and pointing to an 
actionable implication drawn directly from those results.

First, the A. annua infusion delivers reproducible initial 
parasite clearance within 72  h across the four retained 
randomised trials. This clearance signal confirmed across 
Mueller’s Rungwe trial, Blanke’s DRC pilot, Magalhães’s 
Brazilian CPQBA cohort, and Ogwang’s Ugandan com-
munity study is mechanistically attributable to the reduc-
tive cleavage of the artemisinin endoperoxide bridge by 
ferrous heme in the parasite’s digestive vacuole, as docu-
mented in Sect. "Mechanism of action: role of the endop-
eroxide bridge". Implication drawn from this finding: in 
Pfkelch13-endemic settings, where artemisinin-based 
combination therapy attrition is accelerating, this 72-h 
clearance capacity constitutes a pharmacologically defen-
sible triage window during which parasitologically con-
firmed patients can be transferred to artemisinin-based 
combination therapy or triage-managed at community 
level while molecular resistance surveillance is initiated.

Second, where day-28 parasitological cure is directly 
reported, rates of A. annua monotherapy remain con-
sistently below the artemisinin-based combination 
therapy benchmark band: 11.1% for Blanke (1/9) and 0% 
sustained day-28 cure for the seven Brazilian patients 
in the Magalhães arm, against 95.5–98.6% combined 
across the four African ACT regimens artemether–
lumefantrine 95.5%, artesunate–amodiaquine 96.8%, 
dihydroartemisinin–piperaquine 97.3%, and pyrona-
ridine–artesunate 98.6% [42–44]. The Mueller 2004 
trial did not report day-28 cure as a primary endpoint 
and is excluded from this strict head-to-head figure; its 
documented end-of-follow-up recrudescence of approxi-
mately 26% overall [36] is consistent with a sustained-
cure extrapolation of approximately 74% at that horizon, 
but this figure is derived and should not be interpreted as 
a directly measured day-28 endpoint.

Third, the matrix effect quantified in Sects.  "Phy-
tochemical synergy and the"matrix effect"" 
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and"Phytochemistry and antiplasmodial activity" by 
Chou–Talalay combination indices (0.36 luteolin, 0.42 
quercetin, 0.58 casticin at artemisinin-to-flavonoid 1:3) 
and by the three- to five-fold lower IC₅₀ of whole-plant 
extract relative to purified artemisinin partially offsets 
the reduced artemisinin activation imposed by Pfkelch13 
propeller mutations. The murine P. falciparum model 
showed stable resistance emerging three times more 
slowly under whole-plant therapy than under equivalent-
dose pure dihydroartemisinin, even in Pfkelch13-mutant 
lines. Implication drawn from this finding: the pre-clin-
ical resistance-retardation signal is strong enough to 
justify, in endemic regions, standardised HPLC–MS–
anchored whole-plant preparations rather than purified 
artemisinin monotherapies, provided that the inter-cul-
tivar variability documented across studies (artemisinin 
concentrations between 0.1 mg/L and nearly 48 mg/L) is 
brought under reproducible batch-level control.

Fourth, the safety profile documented in Sect.  "Clini-
cal and public health implications" is generally favourable 
in healthy adults: bitter taste was the predominant side 
effect in Ogwang’s prevention trial, gastrointestinal dis-
comfort featured in Mueller, Blanke, and Magalhães, and 
no serious adverse events were reported in any retained 
study. However, critical evidence gaps persist for children 
under five, pregnant or lactating women, and patients 
with hepatic or renal co-morbidity. The transplacental 
and paediatric pharmacokinetics of artemisinin delivered 
through infusion rather than as a standardised pharma-
ceutical remain essentially uncharacterised. Implication 
drawn from this finding: any operational integration of A. 
annua preparations into malaria control programmes in 
endemic African settings must explicitly exclude vulner-
able populations until dedicated randomised controlled 
trials are conducted.

Fifth, the quality-control gap exposed by the hetero-
geneity of artemisinin and polymethoxylated-flavonoid 
recovery only 1.8% of casticin and essentially undetect-
able artemetin in a standard hot-water infusion, with 
40% loss of recovered casticin within 24 h at room tem-
perature is the principal determinant of sub-therapeutic 
exposure and, consequently, of inadvertent Pfkelch13 
resistance selection. Implication drawn from this finding: 
deployment of A. annua infusions must be paired with 
mandatory batch-level HPLC–MS quantification of arte-
misinin and co-extracted flavonoids, with population-
level molecular surveillance of Pfkelch13 and Pfmdr1, 
and with rapid pharmacovigilance for vulnerable groups.

Taken together, these five conclusions delineate a 
coherent translational agenda. Whole-plant A. annua 
preparations are best positioned as a regulated, pre-
clinical-trials-validated complementary intervention 
within structured resistance-containment programmes 

reserved for use under pharmacovigilance, in geographic 
areas with confirmed Pfkelch13 circulation, in popula-
tions for whom artemisinin-based combination therapy 
is available but supply-chain unreliability is documented, 
and never as monotherapy in uncomplicated falciparum 
malaria. Artemether–lumefantrine, artesunate–amo-
diaquine, and dihydroartemisinin–piperaquine remain 
the cornerstone of malaria case management; A. annua 
infusions occupy an adjunctive not substitutive position 
whose value derives from the multi-target resistance-
modulating activity of the whole-plant matrix rather than 
from any displacement of standard therapy.

Four operational recommendations support this 
conclusion
Clinical trial reform. Future research must prioritise 
rigorously designed, randomised, double-blind trials 
using artemisinin-based combination therapy compara-
tors with extended follow-up periods of at least 28 days 
to accurately detect recrudescence and to evaluate both 
clinical and parasitological endpoints. Trial methodol-
ogy should explicitly integrate molecular surveillance of 
Pfkelch13 and Pfmdr1 markers alongside clinical end-
points, drawing on the harmonised framework articu-
lated by the WHO and by the Talisuna surveillance 
blueprint. Because the present review detected no ade-
quately powered head-to-head comparison of whole-
plant A. annua infusions against artemisinin-based 
combination therapy in Pfkelch13-endemic populations 
across the retained literature, this evidence gap is the sin-
gle most important priority for the next decade.

Preparation standardisation anchored on HPLC–MS 
quantification. To ensure reproducibility, infusion prep-
aration methods including leaf-to-water ratios (5  g/L 
in the Blanke and Mueller protocols versus 9 g/L in the 
Mueller high-dose arm) and decoction times must be 
standardised. Such methods must be anchored on quan-
titative HPLC–MS determination of artemisinin and 
principal co-extracted flavonoids. With artemisinin 
concentrations in traditional teas fluctuating between 
0.1  mg/L and nearly 48  mg/L across cultivars and har-
vest conditions, quantification prior to clinical dosing is 
non-negotiable.

Evidence-based dosing in vulnerable populations. Dos-
ing regimens must be established for demographically 
diverse populations, with explicit prioritisation of high-
risk groups such as children under five, pregnant women, 
and breastfeeding mothers populations for which the 
present review identified a critical lack of safety and 
efficacy data. Parallel investigations into potential drug-
herb interactions should be undertaken to ensure no 
antagonism against partner artemisinin-based com-
bination therapy drugs and to maintain compatibility 
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with intermittent preventive treatment in pregnancy 
protocols. The WHO herbal-medicine framework for 
traditional-use preparations may serve as the regulatory 
anchor for these protocols.

Molecular resistance surveillance and community 
engagement. The systematic documentation of safety and 
tolerability must be coupled with continuous molecular 
surveillance of Pfkelch13 (especially the R561H, A675V, 
and other propeller-domain mutations now confirmed in 
Rwanda and Uganda) and of Pfmdr1 resistance loci. This 
surveillance must be population-wide and longitudinal, 
with cross-border data sharing under the umbrella of the 
WHO Global Malaria Programme, and must extend to 
rapid detection of putative artefactual treatment failures 
attributable to sub-therapeutic A. annua exposures that 
mask underlying Pfkelch13 partial resistance.

The supplementary annexes accompanying this man-
uscript are submitted as individual Word documents 
(.docx) and are referenced throughout the main text 
as Supplementary Annex A (PRISMA 2020 reporting 
checklist, 27 items), Supplementary Annex B (database-
specific search strategies, four-table section), Supplemen-
tary Annex C (per-study data extraction grid, 32 rows), 
Supplementary Annex D (per-study risk-of-bias apprais-
als, Cochrane RoB 2.0 + Newcastle–Ottawa + RITAM), 
Supplementary Annex E (excluded-studies ledger: 46 
screening-level + 10 eligibility-level), Supplementary 
Annex F (structured GRADE narrative synthesis across 
12 pre-specified outcomes, with per-domain certainty 
annotations), Supplementary Annex G, and Supple-
mentary Annex H (controlled vocabulary, MeSH/EMA 
preferred-term correspondences, and expanded nomen-
clature for the abbreviations used in the manuscript).
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