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A B S T R A C T

Artemisia annua L. is a medicinal herb with multiple therapeutic applications, whereas its anti-
influenza A virus (IAV) efficiency and mechanism of action are still unclear. Here, we investigated
the inhibition activity and mechanism of A. annua leaf methanol extracts (AALME) against IAV in vitro
and in vivo. Our results revealed that AALME exhibits potent anti-IAV activity by interacting with IAV
particles. Mechanistically, AALME directly targets the IAV nucleoprotein (NP) protein and abolishes
the nuclear import of IAV NP. AALME profoundly suppresses IAV-induced mitochondrial apoptosis via
suppressing ROS-mediated AIF-dependent pathways. More importantly, we found that AALME plays a
crucial role in protecting mice from IAV infection and mitigating IAV pathogenicity. This current work
provides mechanistic insight into the mechanism by which AALME controls IAV infection in vitro and in
vivo, potentially contributing to the development of antiviral treatments for IAV infection.
INTRODUCTION

Influenza A virus (IAV) is a major respiratory pathogen that has
caused devastating global pandemics in humans and other animal spe-
cies, while seasonal flu epidemics are responsible for approximately
500,000 deaths each year (Medina and García-Sastre, 2011). The genome
of IAV is composed of eight single-stranded negative-sense RNA segments
that encode RNA polymerase subunits (PB1, PB2, and PA), viral surface
glycoproteins hemagglutinin (HA) and neuraminidase (NA), matrix
protein (M1), membrane protein (M2), viral nucleoprotein (NP), the
nonstructural protein NS1, and nuclear export protein (NEP) (Krammer
et al., 2018). IAVs are usually classified by HA and NA, which mediate
receptor binding and virus release. The M2 protein is a proton ion
channel that is required for the assembly of IAV and the uncoating of the
viral core during entry. NP is involved in various stages of the viral life
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cycle, including ribonucleoprotein (RNP) formation, viral transcription,
replication, and virion assembly. Targeting NP may be an appealing
strategy for antiviral treatment (Krammer et al., 2018). Indeed, only
three classes of anti-IAV drugs are now approved for the treatment of
influenza, including M2 ion channel inhibitors (amantadine and riman-
tadine), NA inhibitors (oseltamivir, peramivir, and zanamivir), and PA
inhibitors (baloxavir marboxil). However, increasing amounts of mutant
viruses with resistance to these inhibitors have been identified (Guan and
Chen, 2005; Imai et al., 2020), implying that novel anti-IAV drugs are
urgently needed.

Medicinal plants are being shown to have more profound and bene-
ficial effects than previously assumed in recent years. Among them,
Artemisia annua L., as an Asteraceae family member, has been widely
employed in traditional Chinese medicine to treat a range of diseases.
A. annua extract provides protection against Toxoplasma gondii
zhendan@126.com (Z. He), luwangszu@163.com (L. Wang).
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(de Oliveira et al., 2009), Leishmania (Islamuddin et al., 2015), Acan-
thamoeba (Wojtkowiak-Giera et al., 2019), and Schistosoma (Ferreira
et al., 2011). Apart from its capacity to tackle parasite infections,
A. annua possesses antibacterial (Juteau et al., 2002; Marinas et al.,
2015), antitumor (Chen et al., 2014; Kim et al., 2017), and antiviral
(Karamoddini et al., 2011; Nie et al., 2021) properties. It was also shown
that ethanolic extracts of A. annua from various locations throughout the
world exhibited antiviral activity against SARS-CoV-1, SARS-CoV-2, and
their variants in vitro, although the potential mechanism of action is
largely unclear (Nie et al., 2021).

A. annua contains various flavonoids, terpenoids, coumarins, caf-
feoylquinic acids, acetylenes, and sterols (Shojaii and Ghods, 2021).
Artemisinin, one of the most well-known flavonoids from A. annua, has
been utilized for treating malaria, but its anti-IAV activity in vitro is weak
or has no inhibitory role (Efferth, 2018). However, some semi-synthetic
artemisinin derivatives have been reported to show anti-IAV activities.
Artesunate, a semisynthetic derivative of artemisinin derived from
A. annua, can induce cAMP accumulation via inhibiting PDE4, reduce
ERK phosphorylation, and consequently block IAV vRNP export, even-
tually suppressing IAV replication (Yang et al., 2023). Dihy-
droartemisenin, which is also one of the artemisinin derivatives, inhibits
IAV-induced TNF-α and IL-6 expression in BEAS-2B cells through the ERK
signaling pathway (Ou et al., 2020). However, to date, there are no re-
ports on the anti-IAV effects of natural A. annua extract. Therefore, in this
study, we aimed to investigate the procedure and its integration of the
anti-IAV effect of A. annua extract in different host cells and explore the
antiviral mechanism in vitro and in vivo.
Fig. 1. Ultrahigh-performance liquid chromatography-tandem mass spectrometry
chemical base peak ion (BPI) chromatogram of AALME in the positive and negative
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RESULTS

The characteristic components of A. annua leaf

To identify the chemical components of Artemisia annua L. leaf, we
prepared A. annua. leaf methanol extracts (AALME) for ultrahigh-
performance liquid chromatography tandem mass spectrometry (UPLC-
MS/MS). The chemical base peak ion (BPI) chromatogram of AALME was
divided into two categories based on the positive and negative ion modes
of UPLC-MS/MS, as illustrated in Fig. 1A. In comparison to a standard
database (Orbitrap, TCM), we identified 149 chemical compounds,
including 41 flavonoids, 24 terpenoids, 27 organic compounds, 23 phe-
nylpropanoids, 17 alkaloids, 11 phenolic acids, 5 phenols, and 10 quinones
(Fig. 1B). The detailed information on the 149 compounds is further
summarized in Supplementary Table S2. Notably, the majority of those
compounds have been reported to have immunomodulatory and antiviral
activities (€Ozçelik et al., 2011; Badshah et al., 2021; Song et al., 2021;
Abookleesh et al., 2022), implying that AALME may have anti-IAV effects.

Cytotoxicity of AALME

The cytotoxicity of AALME was investigated in various IAV-sensitive
host epithelial cells, such as MDCK and A549 cells. The CC50 values of
AALME against MDCK and A549 cells were 202.9 and 258.6 μg/mL,
respectively (Fig. 2). Meanwhile, baloxavir marboxil was used as a pos-
itive control drug, and its cytotoxicity was evaluated. The CC50
values of baloxavir marboxil against MDCK and A549 cells were 3.9 and
(UPLC-MS/MS) for the identification of AALME chemical compounds. A The
ion modes. B Structural classification of compounds in AALME.



Fig. 2. Effect of AALME on cell viability of IAV host cells. Influenza virus-
sensitive MDCK and A549 cells were treated for 24 h with various concentra-
tions of AALME (0, 10, 25, 50, 100, 150, 200, and 300 μg/mL), and the 50%
cytotoxic concentration (CC50) value of AALME cell viability was determined by
the CCK-8 assay. Data are presented as mean � SD (n ¼ 6).
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4.8 μg/mL, respectively (Supplementary Fig. S1). We further evaluated
the safe concentration of AALME and baloxavir marboxil using a cell
cytopathic effects (CPE) assay, which showed no cytopathic effects at
doses of 25 μg/mL and 0.4 μg/mL, respectively (Supplementary Fig. S2).
As a result, the maximal doses of AALME (25 μg/mL) and baloxavir
marboxil (0.4 μg/mL) were used in the subsequent experiments.
AALME inhibits IAV replication in vitro

To determine the antiviral activity of AALME, we initially investi-
gated the effects of AALME on influenza virus (IAV)-induced CPE in
MDCK and A549 cells. The results demonstrated that AALME effectively
inhibited IAV-induced CPE formation in MDCK and A549 cells in a dose-
dependent manner (Fig. 3A and B), which is consistent with the findings
that AALME treatment of the IAV-infected MDCK cells resulted in a dose-
dependent reduction in viral titers (Fig. 3C). Importantly, the antiviral
efficacy of 25 μg/mL of AALME was comparable to that of 0.4 μg/mL of
baloxavir marboxil (Fig. 3A and C). These results indicated that AALME
could potently suppress IAV replication. In addition, we assessed the
inhibition capability of AALME against the IAV in MDCK and A549 cells
by Western blot and RT-qPCR. We found that AALME dose-dependently
diminished viral M2, HA, and NP mRNA expression in MDCK and A549
cells (Fig. 3D and E). Concomitantly, these results were further confirmed
by the reduction of viral HA and NP synthesis in IAV-infected MDCK and
A549 cells upon AALME treatment in a dose-dependent manner (Fig. 3F
and G). Thus, AALME demonstrated potent activity against IAV in vitro.
AALME possesses direct anti-IAV properties

Next, we devised three different modes to evaluate the inhibitory
effects of AALME on the IAV life cycle, which are premixed, prophylactic,
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and therapeutic administrations. Our results showed that premixing
AALME with IAV markedly reduced the IAV-induced CPE development
and viral HA and NP protein levels in MDCK cells (Fig. 4A). However,
AALME fails to dampen IAV-induced CPE generation and viral HA and NP
protein synthesis during prophylactic and therapeutic administrations
(Fig. 4B and C). Given that premixed administration of AALME effec-
tively reduced viral replication in host cells, we aimed to further inves-
tigate how AALME affects the life cycle of H1N1 influenza virus. We
administered AALME separately during the virus adsorption and inter-
nalization phases and detected the expression levels of HA, NP, and M2
mRNA in MDCK cells 10 h after infection. We found that AALME
significantly inhibited the expression of HA, NP, and M2 genes, sug-
gesting AALME inhibited the IAV during both the adsorption and inter-
nalization stages (Supplementary Fig. S3). In line with these findings,
AALME did not improve the mRNA expression of major innate antiviral
host factors such as type I interferons (IFN-α1 and IFN-β1), type III in-
terferons (IFN-λ1 and IFN-λ2/3), as well as interferon-stimulated genes
(Mx1 and Oas2) in vitro and in vivo (Supplementary Fig. S4). Therefore,
these results suggest that AALME confers anti-IAV effects by directly
interacting with IAV particles.

AALME targets IAV NP and prevents IAV NP nuclear imports

Since AALME may directly interact with IAV virions, we further
explored the underlying mechanism by detecting kinetic binding sen-
sorgrams of increasing concentrations of AALME from 50 to 100 μg/mL
to IAV-related proteins (HA, NA, NS1, and NP) using biolayer interfer-
ometry (BLI). The association/dissociation curves suggested that AALME
markedly binds with IAV NP rather than other proteins (HA, NA, or NS1)
(Fig. 5A). To verify the affinity of AALME and NP, we employed the
cellular thermal shift assay (CETSA). The results demonstrated an in-
crease in the thermal stability of the NP protein after AALME treatment
(Fig. 5B), confirming a strong binding affinity between AALME and IAV
NP. It is generally recognized that NP, as a major component of the vRNP
complex of the H1N1 influenza virus, plays an important role in vRNP
nuclear trafficking. We assessed the localization of NP in MDCK cells at 1,
2, and 4 h after IAV infection by confocal immunofluorescence micro-
scopy and revealed that AALME blocked the nuclear accumulation of NP
in MDCK cells and retained NP to the cytoplasm 2–4 h after IAV infection
(Fig. 5C–E). As further support, the Western blot data confirmed that
AALME inhibited nuclear NP protein levels in IAV-infected MDCK cells
(Fig. 5F and G). Overall, these findings suggest that AALME could
interact with IAV NP and abolish the nuclear import of NP.

AALME prevents IAV-induced mitochondrial apoptosis by
regulating the ROS-AIF axis

Numerous studies have proven that viral infection can result in
apoptosis (Clarke and Tyler, 2009; Atkin-Smith et al., 2018). We
employed Annexin V and PI staining, which are conventional approaches
for determining early and late-phase apoptosis, to see if IAV infection
caused cell apoptosis that might be reversed by AALME. The result
showed that AALME clearly inhibits IAV-induced early and late apoptotic
processes in A549 cells (Fig. 6A and B). We next assessed whether the
inhibitory role of AALME in IAV-induced apoptosis is attributed to
mitochondrial pathway-mediated apoptosis. A549 cells were infected
with IAV in the presence or absence of AALME, and the changes in
mitochondrial membrane potential (MMP) were measured using the
fluorescent MMP probe JC-1 by flow cytometry. The results revealed that
AALME is capable of inhibiting the decrease of MMP caused by IAV in
A549 cells (Fig. 6C). Reactive oxygen species (ROS) are generated in
mitochondria by virus-infected cells, which are responsible for apoptosis.
We therefore investigated whether the anti-mitochondrial apoptotic ef-
fect of AALME depends on ROS generation. To assess the intracellular
ROS levels in IAV-infected A549 cells treated with or without AALME, we
found that the cellular ROS content significantly decreased in
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Fig. 3. AALME exhibits potent anti-IAV activity in vitro. A, B H1N1 virus PR8 (MOI ¼ 0.05) was incubated with AALME (0, 5, 10, and 25 μg/mL) or baloxavir marboxil
(0.4 μg/mL) at 4 �C for 2 h. MDCK and A549 cells were cultured with the mixture for 2 h at 37 �C, followed by a 24-h incubation with AALME (0, 5, 10, and 25 μg/mL)
or baloxavir marboxil (0.4 μg/mL). A virus-induced cytopathic effect (CPE) was observed by a microscope. Scale bars, 400 μm. C H1N1 virus PR8 (MOI ¼ 0.05) was
incubated with AALME (5 and 25 μg/mL) or baloxavir marboxil (0.4 μg/mL) for 2 h at 4 �C and then cultured with MDCK cells for 2 h at 37 �C. The inoculum was
replenished by AALME or baloxavir marboxil incubation for 12 h at 37 �C and subjected to a viral plaque assay. Data are expressed as the mean � SEM (n ¼ 3). D, E
H1N1 virus PR8 (MOI ¼ 0.05) and AALME were mixed for 2 h at 4 �C before being added to MDCK and A549 cells for 2 h at 37 �C. The inoculum was replenished with
AALME and incubated at 37 �C for 3 or 6 h. The mRNA expression levels of viral genes M2, HA, and NP were determined by RT-qPCR. Data are shown as the mean �
SEM (n ¼ 4). F, G H1N1 virus PR8 (MOI ¼ 0.05) and AALME were mixed and incubated at 4 �C for 2 h before being added to MDCK and A549 cells and incubated at
37 �C for 2 h. The inoculum was removed and replaced by AALME, which was incubated at 37 �C for 12 h. The levels of viral HA and NP proteins were analyzed by
western blotting. Results are represented as the ratio of the specific protein to the β-actin protein (n ¼ 3). ns, no significant difference; *P < 0.05, ***P < 0.001, ****P
< 0.0001 by one-way ANOVA with Dunnett's multiple comparisons test.

Fig. 4. Effects of different AALME treatment conditions on IAV infection. A Premixed administration. H1N1 virus PR8 (MOI ¼ 0.05) and AALME (0, 5, and 25 μg/mL)
were mixed and incubated for 2 h at 4 �C. MDCK cells were incubated with the mixture at 37 �C for 2 h, then the mixture was removed and replaced with fresh
medium. The cells were then incubated at 37 �C for 24 h. B Prophylactic administration. MDCK cells were incubated with AALME (0, 5, and 25 μg/mL) for 2 h at 37 �C
before being infected with the H1N1 virus PR8 (MOI ¼ 0.05). The inoculum was then replaced with fresh medium, and the cells were incubated at 37 �C for 24 h. C
Therapeutic administration. MDCK cells were initially challenged with H1N1 virus PR8 (MOI ¼ 0.05), then incubated with AALME (0, 5, and 25 μg/mL) for 24 h at 37
�C after the viral supernatant was removed. Following the foregoing procedures, CPE was viewed under a microscope. Scale bars, 100 μm. The expression levels of HA
and NP proteins were determined by western blotting. Results are shown as the ratio of the specific protein to the β-actin protein and the mean � SEM of triplicate
samples. ns, no significant difference. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by one-way ANOVA with Dunnett's multiple comparisons test.
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AALME-treated A549 cells. More importantly, AALME restrains
IAV-triggered ROS production in A549 cells (Fig. 6D). To rule out the
possibility that the observed reduction in ROS production could be
attributed to the decreased viral load, we utilized Rosup to stimulate ROS
production. The results showed that AALME greatly reduced ROS gen-
eration caused by Rosup, indicating that the inhibitory role of AALME in
IAV-induced ROS production was independent of its ability to block viral
replication (Fig. 6E).

To confirm the notion that the mitochondrial apoptotic pathway is
essential for AALME-cutting IAV-mediated apoptosis, we explored the
levels of apoptosis-related proteins. As expected, AALME dramatically de-
creases the expression of IAV-induced pro-apoptotic proteins Bad and Bax
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while elevating the expression of the anti-apoptotic protein Bcl-xl (Fig. 6F).
Interestingly, AALME can strongly restrain the expression of IAV-induced
apoptosis-inducing factor (AIF) (Fig. 6F), which is involved in initiating
the caspase-independent pathway of apoptosis. Thesefindings demonstrate
that AALME-restrained mitochondrial apoptosis in response to IAV infec-
tion via suppressing the ROS-mediated AIF-dependent pathway.

AALME exhibits anti-IAV properties in vivo

To investigate the role of AALME in IAV infection in vivo, mice were
intranasally infected with or without A/PR8/8/34 influenza virus, either
mixed or unmixed with AALME (1 and 10 mg/kg), and administered



Fig. 5. AALME interacts with IAV NP and limits its nuclear localization. A Biolayer Interferometry (BLI) was used to assess the binding kinetics of AALME with the
immobilized IAV NP, HA, NA, and NS1. The loading step of AALME was carried out for 240 s, which was followed by 240 s of baseline stabilization. B Cellular thermal
shift assay (CETSA) for determining the AALME binding affinity with IAV NP. C–E H1N1 virus PR8 (MOI ¼ 0.05) was combined with AALME (25 μg/mL) and
incubated for 2 h at 4 �C before being given to MDCK cells for 1, 2, or 4 h at 37 �C. Cells were fixed, and DAPI staining and mouse anti-IAV NP antibodies were utilized
to define the locations of the nucleus and viral NP, respectively. The merged image was enlarged further and displayed on the right. F, G Nuclear and cytoplasmic
proteins from different time points post-infection are extracted, and IAV NP quantification was evaluated by western blotting. Lamin B1 was the internal reference for
nuclear proteins, while β-actin was the internal reference for cytoplasmic proteins.
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AALME (1 and 10 mg/kg) intranasally for three days, while the control
group received oseltamivir (1 and 10 mg/kg) or PBS. Changes in body
weight and survival rates of the mice were monitored over a period of 15
days after infection. The results demonstrated that ALLME dramatically
reduced IAV-induced weight loss in mice and increased the survival rate
of IAV-infected mice, which was consistent with the antiviral effect of
oseltamivir (Fig. 7A and B). On day three following the IAV infection,
AALME-treatedmice showed a dose-dependent reduction in lung damage
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and inflammatory cell infiltration (Fig. 7C). Western blot analysis of
snout and lung tissues showed AALME treatment inhibits the levels of
IAV HA and NP proteins in a dose-dependent manner (Fig. 7D and E).
Concurrently, AALME reduced the mRNA expression of proinflammatory
cytokines (IL-6, IL-1β, and TNF-α) and chemokines (Cxcl10) in the lung
on day three post-infection (Fig. 7F). These results indicate that AALME
plays a crucial role in protecting mice from IAV infection and mitigating
IAV pathogenicity.
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Fig. 6. AALME inhibits the IAV-induced mitochondrial apoptosis. A–D H1N1 virus PR8 (MOI ¼ 0.05) and AALME (25 μg/mL) were mixed and incubated for 2 h at 4
�C before being given to A549 cells. After being incubated at 37 �C for 2 h, the mixture was removed and replaced with AALME (25 μg/mL), and they were cultured for
18 h at 37 �C. E A549 cells were pretreated with or without AALME (25 μg/mL) at 37 �C for 2 h, and then cells were cultured with AALME (25 μg/mL), Rosup (50 μg/
mL), or AALME (25 μg/mL) þ Rosup (50 μg/mL) for 12 h at 37 �C. A549 cells were subjected to Annexin V (A), PI (B), JC-1 (C), and DCFH-DA (D–E) staining followed
by flow cytometry. F Immunoblot analysis of Bad, Bcl-xl, Bax, and AIF proteins. Data are shown as the mean � SEM. *P < 0.05, **P < 0.01, **P < 0.001, ****P <

0.0001 by unpaired two-tailed Student's t-test. ns, no significant difference.
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DISCUSSION

A. annua extract is commonly utilized in traditional Chinese medicine
to treat a broad spectrum of diseases (Feng et al., 2020). Recent studies
have revealed that A. annua extract possesses antiviral activity against
herpes simplex viruses 1 and 2 (HSV-1 and HSV-2), hepatitis A virus,
hepatitis B virus, bovine viral diarrhea virus, and SARS-CoV-2 infections
(Seo et al., 2017; Feng et al., 2020; Nie et al., 2021). However, the
antiviral studies of A. annua extract in the context of influenza virus (IAV)
infection are less documented. In this work, we revealed hitherto unre-
ported ways in which AALME showed strong anti-IAV effects by targeting
IAV NP proteins for restricting nuclear accumulation of NP and repres-
sing IAV-induced ROS-AIF-dependent mitochondrial apoptosis (Fig. 8).
By employing this strategy, AALME directly and effectively inhibits IAV
replication without relying on innate antiviral immunity, thereby
limiting upper and lower respiratory tract viral infections and alleviating
IAV-induced pathological lung damage. The antiviral properties of
AALME suggest its potential role as a potential drug for the treatment of
influenza virus infections.

Antiviral drugs can function by either attacking the virus or by elic-
iting a host immune response against the virus (Tompa et al., 2021).
Virus-induced interferon responses, particularly type I interferon
(namely, IFN-α/β) and type III interferon (namely, IFN-λ), are well un-
derstood to play an important role in host innate antiviral immunity (Ye
et al., 2019). IFN-α/β and IFN-λ exert antiviral effects by inducing the
expression of hundreds of interferon-stimulated genes (ISGs) via down-
stream JAK-STAT signaling (Ye et al., 2019). Interestingly, we observed
no significant effect of AALME on the mRNA levels of IFN-α/β (Ifn-a1 and
Ifn-β1), IFN-λ (Ifn-λ1 and Ifn-λ2/3), and ISGs (Mx1 and Oas2) in the
presence or absence of IAV infection in vitro and in vivo. Rather, we
revealed unequivocally that AALME directly interacts with the IAV NP
protein and limits its nuclear localization to restrict IAV replication.
While NP is the most frequently expressed and conserved protein with
multiple functions in the early and later stages of IAV infection, it is also a
valid target for the development of small-molecule therapies (Krammer
et al., 2018). Since the IAV protein or genome is the target of multiple
clinically licensed medications, as the virus mutates, anti-IAV resistance
to these drugs has appeared rapidly (Guan and Chen, 2005; Imai et al.,
2020). These findings suggest that AALME may be able to target NP to
block NP nuclear import, which will limit IAV infection and possibly even
different influenza strains.

Host-programmed cell death is thought to be a defensive mechanism
during IAV infection to inhibit viral replication, but IAV has also evolved
strategies that modulate apoptosis to facilitate viral survival and establish
an infection (Atkin-Smith et al., 2018). Mitochondrial-dependent path-
ways are critical in initiating and regulating IAV-induced apoptosis
(Atkin-Smith et al., 2018). For further investigations of the molecular
mechanism involved in apoptosis influenced by AALME under IAV
infection, Annexin V and PI staining were employed for detecting
apoptotic cells, and fluorescent mitochondrial membrane potential
(MMP) probes were evaluated for mitochondrial apoptosis. Our results
from flow cytometric analysis demonstrated that AALME blocked the
IAV-induced early and late apoptotic processes involving
mitochondrial-dependent apoptosis pathways. A high level of ROS can
cause mitochondrial dysfunction and activate the mitochondrial
apoptotic pathway (Foo et al., 2022). As expected, IAV infection causes
ROS production in A549 cells, which AALEM inhibits. The mitochondrial
death pathway involves the activation of the ratio of pro-apoptotic
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molecules (Bax and Bad) and anti-apoptotic molecules (Bcl-xl), which are
capable of inducing mitochondrion permeabilization and allowing inter-
membrane proteins to be released into the cytosol, including
apoptosis-inducing factor (AIF), which eventually dismantles the cell
(Atkin-Smith et al., 2018). The results fromWestern blotting also showed
that IAV infection increases the levels of Bax, Bad, and AIF in A549 cells
and that AALME dramatically decreases these protein levels. AALME
additionally raises the level of the anti-apoptotic protein Bcl-xl in A549
cells after IAV infection. The results reported here suggest that AALMEcan
mechanically inhibit IAV-triggered mitochondrial-dependent apoptosis
by inhibiting virus-induced ROS, Bax, and Bad production and inducing
Bcl-xl production, ultimately inhibiting AIF-mediated apoptosis.

Previous studies revealed that A. annua extract has antiviral proper-
ties in vitro (Seo et al., 2017; Feng et al., 2020; Nie et al., 2021), but it is
unknownwhether AALME has antiviral activities in vivo. In this study, we
observed that AALME can inhibit IAV replication in the snout and lungs
via the intranasal route, as well as inhibit the expression of inflammatory
factors, thereby improving the pathological lung damage caused by IAV
in mice. Influenza virus is primarily transmitted via the upper respiratory
tract, while blocking the IAV infection in the upper respiratory tract is
essential for limiting viral transmission and spreading (Klinkhammer
et al., 2018; Ye et al., 2019). Intranasal administration of AALME may
interfere with the onset of IAV infection, thereby aiding in the rapid
suppression of viral transmission and spread to the lungs, but additional
animal models must be validated. Since nasal administration shows
promise in preventing and treating respiratory viral infections (Ye et al.,
2019; Alu et al., 2022), the antiviral properties of AALME in the upper
respiratory tract may have important potential in inhibiting respiratory
virus infection and transmission.

CONCLUSIONS

In this study, we reveal that AALME exerts significant inhibitory ef-
fects on IAV infection both in vitro and in vivo. Mechanically, AALMEmay
block IAV infection by directly binding NP protein to restrain NP nuclear
import. Furthermore, AALME can effectively inhibit IAV-triggered
mitochondrial-dependent apoptosis by limiting the ROS-AIF axis. These
findings suggest that AALME warrants further investigation and devel-
opment as an antiviral agent against the influenza virus.

MATERIALS AND METHODS

Sample preparation

Dried A. annua leaves were purchased on the market (Guangxi,
China) and were identified by Dr. Xun Song. Leaves were minced into
powder. A. annua powder (500 g) was steeped in 1 L of anhydrous
methanol over 3 day at 25 �C. The extract was collected and filtered
before being concentrated to paste on a rotary evaporator at 40 �C and
stored in DMSO for further investigation.

Ultrahigh-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) analysis

All chromatographic separations were performed using a Vanquish
Flex UPLC system (Thermo Fisher Scientific, Bremen, Germany). For the
reversed phase separation, an ACQUITY UPLC T3 column (100 mm� 2.1
mm, 1.8 μm, Waters, Milford, USA) oven was maintained at 40 �C. The



Fig. 7. Intranasal administration of AALME suppresses IAV replication in the upper and lower respiratory tracts of mice. Mice were intranasally infected with or
without a lethal dose of H1N1 virus PR8, mixed or unmixed with different concentrations of AALME (1 and 10 mg/kg) or oseltamivir (1 and 10 mg/kg), and mice
received AALME (1 and 10 mg/kg) or oseltamivir (1 and 10 mg/kg) by intranasal administration for three consecutive days. A, B Changes in body weight and survival
rates of the mice were monitored over a period of 15 days after infection. C Histopathologic analysis of lung tissues on day 3 post-infection by H&E staining. Scale bars,
100 μm. D, E Immunoblot analysis of viral proteins HA and NP in the snout and lung on day 3 post-infection. Results are shown as the ratio of the specific protein to the
β-actin protein and the mean � SEM of triplicate individual experiments. F The mRNA levels of IL-6, IL-1β, TNF-α, and Cxcl10 in the lungs on day 3 post-infection were
determined by RT-qPCR. Data are shown as the mean � SEM of four independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by two-way
ANOVA with Tukey's multiple comparison tests (A, D–F) or log-rank Mantel-Cox test (B).
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Fig. 8. Artemisia annua L. leaf extracts suppress influenza virus infection by targeting the viral nucleoprotein and blocking mitochondria-mediated apoptosis.
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flow rate was 0.3 mL/min, and the mobile phase included solvent A
(water, 5 mmol/L ammonium acetate, and 5 mmol/L acetic acid) and
solvent B (acetonitrile). Gradient elution conditions were set as follows:
0~0.5 min, 5% B; 0.5–7.0 min, 5%–100% B; 7.0–8.0 min, 100% B;
8.0–8.1 min, 100%–5% B; 8.1–11 min, 5% B.

The Artemisia annua L. leaf methanol extract (AALME) was acquired
by the LC-MS system. To begin, all chromatographic separations were
performed on a Vanquish Flex UPLC system (Thermo Fisher Scientific,
Germany). To detect compounds in AALME eluted from the column, a
high-resolution tandem mass spectrometer, Q-Exactive (Thermo Scien-
tific), was used. Both positive and negative ion modes were used to
operate in the Q-Exactive. MSDIAL software was used to extract and
identify the peaks from the raw data. The secondary mass spectrometry
data was compared to the standard database (Orbitrap TCM) established
by the Shenzhen Academy of Metrology & Quality Inspection (SMQ),
with matching error settings of 0.01 Da for the primary and 0.05 Da for
the secondary, and a matching score of more than 70 as a trusted
composition.

Cells, viruses, and animals

Madin-Darby canine kidney (MDCK) cells and adenocarcinomic
human alveolar basal epithelial cells (A549 cells) (ATCC, USA) were
cultured in DMEM containing 10% inactivated fetal bovine serum (FBS)
(TransGen, P30922) and 1% penicillin/streptomycin (Gibco, 15140-122)
at 37 �C and 5% CO2.

H1N1 (A/PR/8/34) influenza viruses were propagated in MDCK cells
supplemented with 0.5% bovine serum albumin (BSA), 1 μg/mL tosyl-
phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma,
T1426), and 1% penicillin/streptomycin. Supernatants from the virus
cultures were harvested on day 3 post-infection, and the virus stock was
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aliquoted and stored at �80 �C. Viral titers were calculated using plaque
assays.

Six-to eight-week-old female C57BL/6 background mice were pur-
chased from GemPharmatech Co., Ltd. Animal studies were carried out in
specific pathogen-free (SPF) conditions. The animal experiments were
authorized by the institutional Animal Care and Use Committee at
Shenzhen University (approval no. IACUC-202300127).

Cytotoxicity test

MDCK and A549 cells were seeded on 96-well plates and grown to an
80%–90% confluent monolayer overnight at 37 �C. AALME and baloxavir
marboxil dilutedwith freshmediumwere applied to the cells in a gradient
of concentrations (0, 10, 25, 50, 100, 150, 200, and 300 μg/mL for AALME
and 0, 20, 50, 100, 200, 500, 1000, and 5000 ng/mL for baloxavir mar-
boxil) and incubated for 24h at 37 �C.After removing the culturemedium,
10 μL of CCK-8 reagent (Dojindo, CK04) with 100 μL of freshmediumwas
added to each well for 1 h at 37 �C. Then the absorbance of the solution
was measured at 450 nm by a microplate reader (Biotek, USA).

IAV treatment with AALME in vitro

MDCK or A549 cells were grown to 80%–90% confluency in plates at
37 �C. A/PR/8/34 (H1N1) (MOI ¼ 0.05) and AALME at different con-
centrations were mixed and incubated for 2 h at 4 �C. Then the mixture
was introduced to the cells and cultured for 2 h at 37 �C. The supernatant
was then discarded, and the cells were cultured at 37 �C for different
durations with fresh medium containing different concentrations of
AALME and TPCK-treated trypsin (Sigma, T1426) (2.5 mg/mL for MDCK
cells or 0.5 mg/mL for A549 cells). Subsequently, cells were collected at
various time points post-infection for further experiments.
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Cytopathic effect (CPE) assays

To determine the optimal concentration of AALME and baloxavir
marboxil, MDCK and A549 cells were grown to 80%–90% confluency in
24-well plates at 37 �C, and then cells were treated for 48 h with various
concentrations of AALME (0, 10, 25, 50, 100, and 200 μg/mL) and
baloxavir marboxil (0, 200, 400, 600, 800, and 1000 ng/mL). Cytopathic
effect (CPE) was examined under a microscope.

To evaluate the effect of AALME and baloxavir marboxil on IAV-
induced CPE, MDCK and A549 cells were grown to 80%–90% con-
fluency in 24-well plates at 37 �C. A/PR/8/34 (H1N1) (MOI ¼ 0.05) and
AALME at various concentrations (0, 5, 10, and 25 μg/mL) or baloxavir
marboxil (0.4 μg/mL) were mixed and incubated for 2 h at 4 �C. Then the
culture medium was replaced by the mixture for 2 h at 37 �C. The su-
pernatant was then discarded, and the cells were cultured at 37 �C for 24
h with various amounts (0, 5, 10, and 25 μg/mL) of AALME or baloxavir
marboxil (0.4 μg/mL). CPE was examined under a microscope.

Plaque assay

Monolayer MDCK cells in 12-well plates were incubated with serial
dilutions of viral supernatants containing 0.05% BSA and 2.5 mg/mL
TPCK-treated trypsin (Sigma, T1426) for 2 h at 37 �C. Cell monolayers
were overlaid with 1.5 mL of semisolid medium containing 0.75%
CMCNa, 0.3% BSA, and 2.5 mg/mL TPCK-treated trypsin and incubated
at 37 �C for 40 h. Plaques were visualized after removing the semisolid
medium by staining the monolayer cell with 0.2% (w/v) crystal violet
solution (Sigma, C0775).

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from cells or tissues by Trizol reagent
(Takara, 9109) according to the manufacturer's protocol. cDNA synthesis
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher,
K1622). After reverse transcription, qPCR amplification was performed
on the CFX96 Real-Time PCR System (Bio-Rad, USA) using Tip Green
qPCR SuperMix (Transgen, China, AQ141-01). The primer sequences for
gene amplification are listed in Supplementary Table S1.

Western blot analysis

Cells or tissues were lysed with RIPA buffer (Solarbio, R0010) for
protein extraction and then quantified using the BCA assay kit (Beyotime,
P0012), as directed by the manufacturer. The samples were then loaded
with the loading buffer (FDbio, FD002) and boiled at 95 �C for 5 min. The
protein samples were loaded onto a 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Beyotime, P0012AC) and trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane (Merck Milli-
pore, IPVH15150) for 105 min at 200 mA. After blocking with 5%
skimmed milk (BioFroxx, 1172GR500) in a Tris-buffered solution con-
taining 0.05% Tween 20 (TBST) at RT for 2 h, incubate specific primary
antibodies with the membrane that loaded protein overnight at 4 �C. As
primary antibodies, HA (Thermofisher, PA5-34929), NP (Thermofisher,
MA5-35899), Bax (Cell signaling technology, 2772), Bcl-xl (proteintech,
26967-1-AP), Bad (proteintech, 10435-1-AP), AIF (Abcam, ab32516),
Tubulin (Beyotime, AT819-1), Lamin B1 (PROTEINTECH, 66095-1-Ig),
and β-actin (Abcam, ab8226) were used. Then incubated with second-
ary antibodies (Abcam, ab6721/ab6728) for 2 h at RT after washing by
TBST. Blots were visualized by the ECL reagent kit (Meilunbio,
MAO186-1) using the ChemiScope Western blot imaging system (Clinx,
China), and the densitometric results were analyzed with Image J.

Cellular thermal shift assay (CETSA)

MDCK cells were infected with A/PR/8/34 (H1N1) (MOI ¼ 0.05) for
24 h at 37 �C. Cells were then lysed with RIPA buffer (Solarbio, R0010),
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and the lysis solution was sonicated for 5 min under ice bath conditions
before centrifugation at 4 �C, 12000 g for 15 min. After discarding the
cellular debris, and 25 μg/mL of AALME or DMSO to the supernatant. The
mixture was then incubated at 25 �C for 30 min prior to the CETSA heat
pulse. The solutions were then heated to the indicated temperatures (45,
53, 61, and 70 �C) for 3 min before being cooled to 4 �C. After centri-
fugation for 20 min at 12000 g and 4 �C, the soluble supernatant was
loaded with the loading buffer (FDbio, FD002) and heated at 95 �C for 5
min, subject to the Western blot assay.

Biolayer interferometry

The affinity of AALME and the His-tagged protein of IAV was deter-
mined as previously described (Liu et al. 2022). Briefly, the IAV protein
was loaded in a running buffer containing PBS, 0.02% Tween-20, and
0.1% BSA. The His-tagged proteins are as follows: HA protein (Sino
Biologicol, 40673-V08H), NP protein (Sino Biologicol, 11675-V08B), NA
protein (Sino Biologicol, 40197-V07H), and NS1 protein (Sino Bio-
logicol, 40011-V07E). In the running buffer, AALME was diluted to 50,
65, 75, and 100 μg/mL in PBS. Prior to use, the Ni-NTA biosensor (Forte
Bio, 18–0029) tips were hydrated in the buffer for 10 min. Then, for 30 s,
sensor baselines were equilibrated in the running buffer. Following that,
the protein was loaded for 4 min until saturated, and the sensor was
washed before immersing it in the AALME-containing well for 4 min,
followed by another 4 min in running buffer. The curve fitting was per-
formed using a 1:1 binding model and analyzed with ForteBio.

Immunofluorescence and confocal microscopy

A/PR/8/34 (H1N1) (MOI ¼ 0.05) and AALME of 25 μg/mL were
mixed and incubated at 4 �C for 2 h before being applied to monolayer
MDCK cells for 1, 2, or 4 h at 37 �C. Then cells were fixed in a 4%
paraformaldehyde solution (Beyotime, P0099) for 15 min before being
blocked with a 3% BSA (Solarbio, A8020) solution, including 0.3%
Triton X-100 (Sigma, X100), for 1 h. After blocking, cells were incubated
at 4 �C overnight with an anti-NP antibody (Thermofisher, MA5-35899)
solution containing 0.3% Triton X-100. Then cells were incubated for 2 h
at RT with an Alexa Fluor 488-tagged anti-mouse IgG antibody (Abcam,
ab150113) solution containing 0.3% Triton X-100. After staining the
cells with 1 μg/mL DAPI (Cell Signaling Technology, 4083) for 20 min,
they were observed under a confocal microscope and analyzed using
ZEISS ZEN digital microscope software.

Flow cytometry

Monolayer A549 cells in 24-well plates were infected for 2 h at 37 �C
with the mixture of A/PR/8/34 (H1N1) (MOI ¼ 0.05) and AALME of 25
μg/mL that had previously been incubated for 2 h at 4 �C. The medium
was then replaced with 25 μg/mL of AALME and cultured for 20 h at
37 �C. Cells were collected, and apoptosis was determined by flow
cytometry using the following kits: Annexin V-FITC Apoptosis Detection
Kit (Beyotime, C1062S), mitochondrial membrane potential assay kit
with JC-1 (C2006), and Reactive Oxygen Species (ROS) Assay Kit
(S0033S). For Rosup stimulation, monolayer A549 cells in 24-well plates
were treated with or without AALME (25 μg/mL) at 37 �C for 2 h, and
then cells were cultured with AALME (25 μg/mL), Rosup (50 μg/mL), or
AALME (25 μg/mL) þ Rosup (50 μg/mL) for 12 h at 37 �C. Cells were
subsequently collected and determined by flow cytometry using the
reactive oxygen species (ROS) assay kit (S0033S). An NovoCyte Advan-
teon Flow Cytometer (Agilent, China) and NOVOExpress software were
used for the analysis.

The anti-IAV activity of AALME in vivo

Mice were intranasally infected with or without a lethal dose of A/PR/
8/34 (H1N1) viruses (104 PFU) in the presence or absence of AALME (1 or
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10 mg/kg) or oseltamivir (1 or 10 mg/kg) in a total volume of 10 μL and
then receivedAALME(1or10mg/kg) of10μL for threeconsecutivedays by
intranasal administration, while uninfected mice received only AALME,
oseltamivir, or physiological saline. Mice were sacrificed on day 3 after
infection. Snout and lung samples were collected for RT-qPCR andWestern
blot. Lungs were fixed in 4% paraformaldehyde and embedded in paraffin
for histological sectioning and hematoxylin and eosin (H&E) staining.

Histopathological investigations

Lungs were excised and fixed for 48 h in a 4% paraformaldehyde
solution (Beyotime, P0099). Samples were washed twice in 10% formalin
before being dehydrated in an ethanol series (70% ethanol for 1.5 h, 80%
ethanol for 30 min, 95% ethanol for 15 min and twice, and 100% ethanol
for 10 min and twice). For histopathological examination, sections were
stained with hematoxylin and eosin (H&E).

Statistical analysis

Results were presented as the mean � SEM or mean � SD and eval-
uated using GraphPad Prism 9.0. Statistical significance was assessed
using unpaired two-tailed Student's t-test or one-way ANOVA with
Dunnett's multiple comparisons test, two-way ANOVA with Tukey's
multiple comparison tests, and the log-rank Mantel-Cox test. P < 0.05
was considered significant.
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