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Abstract
Influenza is an acute transmissible respiratory infectious disease in humans and animals with high morbidity and mortality. 
It was reported that luteolin, extracted from Chinese herbs, could potently inhibit influenza virus replication in vitro. To 
assess the effect and explore the fundamental mechanism of luteolin, we infected several cell lines with two subtypes of 
influenza A virus (IAV), including A/Jiangxi/312/2006 (H3N2) and A/Fort Monmouth/1/1947 (H1N1) and demonstrated 
that luteolin suppressed the replication of IAV by cytopathic effect reduction method, qRT-PCR, immunofluorescence and 
Western blot assays. A time-of-addition assay indicated that this compound interfered with viral replication at the early 
stage of infection. In addition, we found that luteolin suppressed coat protein I complex expression, which was related to 
influenza virus entry and endocytic pathway. Overall, our findings demonstrated the antiviral effect of luteolin against IAV 
and its novel antiviral mechanism.
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Introduction

Influenza can cause acute and highly transmissible infectious 
respiratory disease in humans and animals with high mor-
bidity and mortality. In 1918, the Spanish influenza outbreak 
killed an estimated 50 million people worldwide [1]. The 
H1N1 influenza pandemic in 2009 and the emergency of 
H5N1, H7N9 influenza viruses had also raised significant 
public health concerning about the emergence of a potential 
highly pathogenic, pandemic influenza virus [2].

Two types of antiviral drugs were used in clinic: neurami-
nidase inhibitors (NAIs), such as oseltamivir, peramivir, and 

the M2 ion-channel blocker (amantadine and rimantadine). 
Although these drugs are effective against IAV replication, 
their efficacy can decrease rapidly once the emergence of 
drug-resistant viral mutants occurs [3, 4]. Hence, there is an 
urgent need to develop new antiviral drugs.

Influenza virus enters the cell by cell surface glycopro-
teins or glycolipid-mediated endocytosis [5]. Upon pH-
mediated fusion, the virus is uncoated, and the vRNPs are 
released into the cytoplasm and subsequently transported 
into the nucleus to initiate virus replication and protein 
translation [6]. The progeny virions are produced by assem-
bling viral proteins and vRNP complexes at the plasma 
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membrane. Then, cell surface sialic acids are cleaved by 
viral NA to allow assembled virions to be released from the 
infected cell [7].

During viral infection, several important host proteins are 
involved in influenza virus trafficking. For example, Rab, 
coat protein I (COPI) complex, histone deacetylase 8 and 
cullin participate in the transport of influenza viruses among 
the endocytic bodies and from the endocytic to the perinu-
clear space [8–10]. Among them, COPI components con-
tribute to influenza virus entry and endocytic pathway. Sun 
et al. found that influenza virus particles trafficking in early 
endosome-to-intermediate/late endosome exhibited defects 
when the COPI gene was depleted in the infected cells [11]. 
Moreover, the inhibitor [golgicide A(GCA)], which can dis-
rupt the COPI complexes function, directly repressed influ-
enza viral membrane protein expression and the production 
of progeny influenza virus [11]. These findings suggest that 
small molecules targeting COPI protein might be potential 
anti-influenza drugs.

Flavonoids extracted from plants possess multiple bio-
logical activities, including antiviral activities. Luteo-
lin (3,4,5,7-tetrahydroxyflavone, LUT, PubChem CID: 
5280445, Fig. 1a) is a natural flavonoid that has shown mul-
tiple biological benefits, including immune-regulation, anti-
inflammation, antioxidant, anticancer, and antiviral activities 
[12–14]. Liu et al. reported that luteolin isolated from herbs 
inhibited the activities of NA in vitro, implying its poten-
tial as an anti-IAV agent [15]. In the study, we showed that 
luteolin had a potent antiviral activity against influenza virus 
in vitro. In addition, we demonstrated that luteolin inhibited 
influenza virus replication, at least in part, by targeting the 
COPI subunit, β-COP. Our findings not only determined the 
antiviral effect of luteolin in vitro, but also provided a novel 
antiviral mechanism.

Materials and methods

Reagents and antibody

Luteolin was purchased from J&K Scientific (CAS:491-70-
3, Beijing, China), and oseltamivir carboxylate (OC) was 
from Medchem Express (CAS: 187227-45-8, NJ, USA). 
Luteolin and OC were dissolved in DMSO (2 mM stock). 
Golgicide A was purchased from Selleck (CAS:1139889-
93-2, Shanghai, China). Pitstop2-100 was obtained from 
Abcam Biochemicals (Cambridge, MA, USA). The follow-
ing antibodies were used for Western blot: β-actin (1:5000) 
(Cell Signaling Technology), β-COP (1:1000) (abcam), 
and IAV nonstructural protein (NS1, 1:400) (Santa Cruz), 
respectively.

Cells and virus

Madin-Darby canine kidney (MDCK) cells and Vero cells 
(African green monkey kidney) were grown at 37 °C in 
minimum essential medium (MEM) supplemented with 
10% fetal bovine serum and 1% penicillin–streptomycin 
(10,000 U/mL). Extra 1% MEM nonessential amino acids 
solution was added to MDCK cells.

Influenza virus A/Fort Monmouth/1/1947 (H1N1) was 
purchased from the America Type Culture Collection 
(ATCC, VR-97™). Influenza virus A/Jiangxi/312/2006 
(H3N2) was kindly donated by Professor Yuelong Shu from 
the Institute for Viral Disease Control and Prevention, China 
Centers for Disease Control and Prevention, Beijing, China.

Cell viability test

To measure luteolin cytotoxicity, MDCK (2.5 × 104), Vero 
(3 × 104) and Calu-3 (2 × 104) cells were grown in 96-well 

Fig. 1   Chemical structure of luteolin and the cytotoxicity of luteo-
lin. a The chemical structure of luteolin. b The effect of luteolin on 
cell viability. MDCK, Vero and Calu-3 cells were seeded in 96-well 
plates. After 18 h, the cells were treated with various concentrations 

of luteolin. Cell viability was measured by CCK assay after 48 h of 
post-treatment. Values and error bars represent the average and stand-
ard deviations from three independent experiments
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plates. After being cultured for overnight, cells were incu-
bated with various concentrations of luteolin that ranged 
from 3.75 to 240 μM for an additional 48 h. Cell viability 
was measured using a CCK-8 assay kit (TransGen, Bei-
jing, China) following the manufacturer’s instructions. The 
absorbance of each well was recorded at 450 nm using a 
Multiskan MK3 microplate reader.

Cytopathic effect (CPE) assays

For CPE assays, MDCK cells in 96-well plates were infected 
with influenza virus at an MOI of 0.001 for 2 h, and then 
incubated with a maintenance medium supplemented with 
or without luteolin. After 48 h, the CPE was recorded. Then, 
we calculated the 50% CPE inhibition concentration (IC50) 
values of luteolin. For the antiviral assay, MDCK and Vero 
cells were infected with two IAV strains. After 24 h, we col-
lected cells and supernatants by freezing and thawing thrice, 
and then determined virus titer by TCID50 assay for 48 h.

Time‑of‑addition assay

A time-of-addition experiment was conducted as previously 
described with some modifications [16]. Briefly, MDCK 
cells were inoculated with 0.01 MOI of virus at 37 °C for 
2 h. The media with or without luteolin 15 µM were added 
during the periods of – 2 to 8 h, 0–8 h, 2–8 h, 4–8 h and 
6–8 h. After each incubation period, the collected cells were 
washed with PBS, and then determined the viral mRNA 
through qRT-PCR.

Hemagglutination inhibition (HI) assay

The effect of luteolin on the agglutination of chicken RBCs 
by influenza virus was determined by an HI assay [17]. 
Briefly, 50 µL of twofold dilutions of the compound in nor-
mal saline were prepared and mixed with 50 µL influenza 
virus solution (equivalent to 4 HA units) in a U-bottom 
96-well plate. The plate was kept at 4 °C for 30 min, and 
then 100  µL 1.2% chicken erythrocyte suspension was 
added to each well. Lastly, cell agglutination in the well 
was checked visually after incubation for 40 min at room 
temperature.

Indirect immunofluorescence assay

MDCK cells were washed twice with PBS and incubated 
for 2 h with influenza virus (0.001 MOI) at 37 °C in 5% 
CO2 atmosphere for adsorption. After 2  h, inoculum 
was decanted and infected cells were supplemented with 
maintenance medium with or without luteolin. After 18 h, 
MDCK cells were fixed for 10 min with 4% paraform-
aldehyde at room temperature, and washed three times 

with PBS to remove the fixation buffer. The cells were 
permeabilized in 0.5% Triton X-100 in PBS for 15 min. 
The samples were then incubated with 3% BSA for 1 h at 
room temperature and further incubated with the mouse 
anti-influenza virus M2 antibody overnight at 4 °C. After 
washing three times with TBST, cells were incubated 
with Alexa Fluor 488 anti-mouse IgG (TransGen) for 1 h. 
The nucleus was stained with Hoechst 33342 (Beyotime) 
for 5 min. Photos were taken with an Olympus TH4-200 
microscope.

For co-localization studies with β-COP and GM130, 
fixed Vero cells were permeabilized in 0.5% Triton X-100 
for 15 min and blocked with 3% BSA for 1 h at room tem-
perature. The cells were incubated with rabbit anti-β-COP 
and mouse anti-GM130 antibody overnight at 4°C, rinsed 
with TBST, stained with Alexa Fluor 488 anti-rabbit IgG 
(TransGen) and Alexa Fluor 594 anti-mouse IgG (Cell 
Signaling Technology) for 1 h. The nuclei were stained 
with DAPI (ZSBIO, Beijing). Images were acquired with 
a Zeiss LSM 710 microscope.

Western blotting

Protein extracts (10 µg) were subjected to electrophoresis 
with 10% polyacrylamide gel and were blotted onto PVDF 
membranes (Millipore Corp.). The membrane was incu-
bated with primary antibody overnight at 4 °C, followed 
by incubation with HRP-conjugated rabbit anti-mouse or 
goat anti-rabbit IgG. The signal was detected with an ECL 
kit.

Quantitative real‑time RT‑PCR

For intracellular viral RNA quantification, total RNA was 
extracted from the cells using RNeasy Mini Kit (Qiagen) 
according to the manufacturer’s instructions. QRT-PCR 
analysis was performed as described as follows. Each qRT-
PCR reaction mixture (15 μL) contained 7.5 μL of 2xTrans-
Start Tip Green qPCR SuperMix, 0.3 μL of forward and 
reverse primers (10 μmol/L), 2 μL RNA Template, 0.3 μL 
of one step enzyme Mix, 0.3 μL of passive reference dye and 
4.3 μL RNase-free Water (TransGen, Beijing, China). Oligo-
nucleotide primer pairs were (1) forward 5′-GAC​CRA​TCC​
TGT​CAC​CTC​TGAC-3′ and reverse 5′-GGG​CAT​TYT​GGA​
CAAAKCGT​CTA​CG-3′ for influenza virus M2 (2) forward 
5′-AGT​CAA​GGC​TGA​GAA​CGG​GAA​ACT​-3′ and reverse 
5′-TCC​ACA​ACA​TAC​TCA​GCA​CCA​GCA​-3′ for dog glyc-
eraldehyd-3-phosphate dehydrogenase (GAPDH). Triplicate 
qRT-PCRs were prepared for each sample. The CT method 
was applied using the GAPDH cycle threshold for normali-
zation to evaluate influenza virus M2 mRNA expression.
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Fig. 2   Luteolin dose-dependently inhibits the yield of IAV. a–d A/
Jiangxi/312/2006 (H3N2) and A/Fort Monmouth/1/1947 (H1N1) 
infected MDCK (0.001 MOI) and Vero (0.01 MOI) cells, and luteolin 
was added after viral infection. OC serves as the positive control. At 
24 h post infection, cells were frozen and thawed, and virus from the 
cells and supernatant was harvested. CPE reduction assay were quan-
tified and the results were expressed as −  log10 values of the mean 

viral load ±  standard deviations. e, f MDCK cells in 12-well plates 
were infected with IAV (H1N1 and H3N2) at 0.001 MOI and mRNA 
was harvested at 12 h post infection. The viral M2 mRNA level was 
detected using qRT-PCR. *p < 0.05, **p < 0.01 statistically significant 
difference from the Con group. Values and error bars represent the 
average and standard deviations from three independent experiments
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Statistical analysis

All data were analyzed by the SPSS 19.0 software using 
one-way ANOVA, and the two independent groups were 
analyzed via Student’s t test. Values and error bars represent 
the average and standard deviations from three independent 
experiments. Statistical differences were considered signifi-
cant at *p < 0.05; and **p < 0.01.

Results

Cytotoxic and antiviral activity of luteolin in vitro

The cytotoxicity of luteolin against MDCK, Vero and Calu-3 
cells were determined using a CCK assay kit (TransGen, 
Beijing, China). As shown in Fig. 1b, the CC50 (50% cyto-
toxic concentration of antiviral drugs) value of luteolin was 
164.02 μM, 148.43 μM and greater than 240 μM in Vero, 
MDCK and Calu-3 cells, respectively.

The antiviral activity of luteolin was first measured 
by the CPE assay in MDCK cells [18]. Results indicated 
that luteolin efficiently inhibited the CPE induced by two 
IAV strains, A/Jiangxi/312/2006 (H3N2) and A/Fort 

Monmouth/1/1947 (H1N1). The IC50 values of luteolin 
were 6.89 μM and 7.15 μM, respectively. Coincidently, we 
observed a dose-dependent reduction in virus titers when 
the MDCK and Vero cells were treated with luteolin after 
infection (Fig. 2a–d). These results indicated that luteolin 
inhibited viral replication.

Viral mRNA was measured by qRT-PCR and the results 
showed that luteolin significantly reduced the IAV M2 
mRNA level in MDCK cells in a dose-dependent manner 
(Fig. 2e, f). To further explore whether luteolin inhibits 
viral protein synthesis, the expression of viral M2 protein 
was also analyzed through an indirect immunofluorescence 
assay. As shown in Fig. 3a, b, luteolin exhibited a dose-
dependent inhibition of M2 protein expression in MDCK 
cells. Additionally, positive drug OC considerably inhibited 
the replication of the influenza virus. Collectively, luteolin 
demonstrated a potent antiviral activity against influenza 
virus.

Luteolin mainly inhibits replication of influenza 
virus at early stages of its lifecycle

To investigate which stage was involved in anti-influenza 
virus activity of luteolin, a time-of-addition assay was 

Fig. 3   Luteolin dose-depend-
ently inhibits the replication 
of IAV. MDCK cells were 
infected with influenza virus 
(0.001 MOI) for 2 h. MDCK 
cells were then treated with 
luteolin for 18 h. Then the cells 
were stained with an anti-M2 
antibody and imaged by immu-
nofluorescence microscopy. 
M2 staining is shown in green. 
Nuclei stained by Hoechst33342 
are shown in blue. Photos were 
captured and merged using an 
Olympus TH4-200 microscope. 
Bars, 100 μm



	 Journal of Natural Medicines

1 3

carried out. It had been reported that progeny viruses can 
be detected after 8 h inoculation of the influenza virus [16]. 
Results showed that luteolin had antiviral activity from − 2 
to 4 h post infection by detecting M2 mRNA level using 
QRT-PCR assay (Fig. 4). This result indicated that luteo-
lin primarily inhibited the influenza virus during the early 
stages of the life cycle. Luteolin showed low antiviral activ-
ity when applied at the late stage, with the inhibitory rate 
only about 20%. The results suggested that luteolin pre-
vented virus replication, either by blocking virion absorp-
tion to the cell surface, or blocking the receptor-binding site 
of viral hemagglutinin, or blocking the fusion of the viral 
envelope with the endosome membrane.

Luteolin affects the entry and internalization steps 
of influenza virus

To identify whether luteolin can inhibit the entry and inter-
nalizaiton steps of influenza virus, we incubated with IAV 
at 4 °C for 1 h with luteolin and determined the mRNA level 
of the IAV. Result showed that the mRNA level of M2 with 
luteolin decreased 28.3% (Fig. 5a). Subsequently we tested 

the effect of luteolin on influenza virus internalization by 
quantifying the fraction of internalized IAV in the MDCK 
cells. Compared to the control cells, the suppression ratio 
of luteolin and pitstop2-100 were 20.4% and 56.8%, respec-
tively (Fig. 5b). In addition, we performed a hemagglutina-
tion inhibition examination to assess the inhibition ability 
of luteolin for binding of hemagglutinin. The result showed 
that neither luteolin nor OC can inhibit hemagglutination by 
the influenza virus (Fig. 5c). Furthermore, we tested whether 
luteolin inactivated the infectivity of influenza virus directly. 
IAV and luteolin were incubated outside of cells and virion 
particles were then recovered by ultracentrifugation. Cells 
were next cultured with the virion and the result showed that 
incubation of the virus treated with luteolin did not reduce 
its infectivity in MDCK cells (Fig. 5d). Collectively, our 
results showed that luteolin did not target hemagglutina-
tion and influenza virus itself, but blocked influenza virus 
absorption and internalization, which in part contributed to 
the clarification that the luteolin inhibited the influenza virus 
during the early stages of infection.

Luteolin inhibits IAV replication by down‑regulating 
β‑COP protein expression, but does not alter 
the localization of COPI

Considering that luteolin affected the entry and internaliza-
tion steps of influenza virus and COPI complex is a critical 
host protein mediating influenza virus entry and endocytic 
pathway, we sought to determine whether luteolin disturbed 
the COPI during the replication of the influenza virus [19]. 
Viral protein NS1 and COPI were detected at 18 h after 
infection using the Western blot assay. Results showed that 
luteolin significantly inhibited influenza virus nonstructural 
protein NS1 and COPI expression in MDCK, Vero and 
Calu-3 cells, respectively, infected with A/Jiangxi/312/2006 
(H3N2) and A/Fort Monmouth/1/1947 (H1N1) influenza 
virus (Fig. 6a–f).

In addition to the defect in viral entry and internalization 
upon inhibiting COPI protein expression, rapid disruption of 
COPI complex function with golgicide A (GCA) decreased 
viral membrane protein expression and infectious progeny 
virion production [11, 20]. Because luteolin could inhibit the 
expression of influenza virus M2 (data not shown) and prog-
eny virions production, we further test whether luteolion 
treatment could affect the function of COPI complex. First, 
we investigated the effect of luteolin on β-COP in mock- and 
IAV-infected cells. GM130 is a resident Golgi protein, and 
β-COP, a component of COPI vesicles, is currently at high 
steady state concentrations in cis-Golgi membranes. In unin-
fected cells, GCA (10 μM) can disperse the distribution of 
GM130 and β-COP compared with untreated cells (Fig. 7a). 

Fig. 4   Luteolin mainly stops the event of early stage in viral replica-
tion. MDCK cells infected with IAV (A/Fort Monmouth/1/1947) at 
0.01 MOI were treated with 15 μM luteolin either at − 2 h, 0, 2, 4 or 
6 h p.i., and virus M2 mRNA level were detected by qRT-PCR assay 
at 8  h p.i..*p < 0.05, **p < 0.01, statistically significant difference 
from the Con group. Values and error bars represent the average and 
standard deviations from three independent experiments
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However, luteolin treatment did not alter the intracellular 
distribution of GM130 and β-COP (Fig. 7a). The result 
in Fig. 7b shows that IAV can markedly disassemble the 
complex of GM130 and β-COP, with GM130 fluorescence 
showing a discrete punctate pattern and β-COP exhibiting 
a generally diffused pattern. After treatment of luteolin, the 
pattern of Golgi (GM130 and β-COP) staining was similar 
to that of uninfected cells. Collectively, our results showed 
that luteolin inhibits the expression of COPI protein without 
disturbing the localization of COPI, which may partly con-
tribute to the reduction of the viral protein.

Discussion

Along with the wide use of IAV drugs in clinics, IAV strains 
resistant to available antiviral drugs have gradually led to 
the need for the development of novel anti-IAV agents [4, 
21, 22]. Luteolin, a member of the flavonoid family, has 
been found to have multiple beneficial properties [12–14]. 
Moreover, a previous study revealed that luteolin had an 
inhibitory activity on influenza virus in vitro [23]. In this 
study, we found that luteolin inhibited the replication of 
two subtypes of influenza virus in MDCK, Vero and Calu-3 
cells using varied methods including CPE reduction assay, 

Fig. 5   Effect of luteolin on viral absorption and internalization. a 
MDCK cells were incubated with IAV (A/Fort Monmouth/1/1947, 
0.01 MOI) at 4 °C for 1 h in the presence of DMSO or luteolin. The 
viral particles binding to the cell surface were measured by qRT-
PCR. b The MDCK cells were incubated with IAV (A/Fort Mon-
mouth/1/1947, 0.01 MOI) at 4 °C for 1 h. After incubation with fresh 
medium in the presence of DMSO, luteolin or pitstop2-100 (10 µM) 
for 30  min, the cells were washed with pH 3.0 PBS to remove the 
viral particles binding to the cell surface. The viral particles enter 
to the cell endosomes were measured by qRT-PCR. *p < 0.05, 
**p < 0.01, statistically significant difference from the Con group. 

Values and error bars represent the average and standard deviations 
from three independent experiments. c Effect of luteolin on hemag-
glutination inhibition. The concentration of luteolin in row 1 was 
15  μM, whereas in the following rows is a serial of twofold dilu-
tion. d IAV stock (0.001 MOI) was treated with luteolin (15  μM) 
or DMSO control for 1  h at 4  °C. Group 1 was ultracentrifuged at 
20,000×g for 2.5 h at 4 °C and the pellet was resuspended with main-
tenance medium; Group 2 was not centrifuged and served as control. 
MDCK cells were infected with above treated virus, the intracellular 
IAV NS1 protein was detected after 24 h
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qRT-PCR, Western blot and immunofluorescence assays. 
Our results indicated that luteolin exhibited an antiviral 
activity against IAV infection. The time-of-addition assay 
provided evidence that luteolin inhibited the whole process 
of influenza virus replication and played more important 
role at the early stages. Consistent with time-of-addition 
assay, we found that luteolin displayed 42.1% of inhibitory 
activity against the NA at a concentration of 20 μM (data 
not shown); however, the inhibition rate of luteolin on IAV 

replication is approximate 80%, which indicated that its anti-
viral effect was most likely due to inhibition of some other 
replication events of IAV. Furthermore, we determined that 
luteolin blocked influenza virus absorption and internaliza-
tion, and the cumulative inhibition rate of absorption and 
internalization can reach 50% which was consistent with the 
time-of-addition result.

The COPI complex contains nine different COPI complex 
subunits. β-COP is one of the nine subunits of the COPI 

Fig. 6   Luteolin inhibits COPI expression. MDCK (0.001 MOI), Vero 
(0.01 MOI) and Calu-3 (0.01 MOI) cells were infected with H1N1 
or H3N2 influenza virus for 2 h. The cell lysates were harvested for 
immunoblotting analysis. The protein levels of IAV NS1 and β-COP 

were analyzed by Western blot. The experiments were performed in 
triplicate, each value represents mean  ±  SD. *p < 0.05; **p < 0.01 
versus Con group
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complex and is an essential component of the coatomer 
complex. The COPI complex was shown to be involved 
in transporting contents between the Golgi apparatus and 
the endoplasmic reticulum, and it has also been reported to 
mediate the influenza virus entry and endocytic pathway [24, 
25]. That is to say, if these complexes were perturbed, the 
function of endosomal sorting, multivesicular body forma-
tion, and/or membrane trafficking will be missing [26–28]. 
Additionally, König et al. reported that vRNP nuclear import 
can be inhibited by knocking down δ-COP (ARCN1) expres-
sion [29]. The knockdown of β-COP by siRNA causes a 
significant reduction in the replication of the IAV [30]. Spe-
cifically, in COPI knockdown cells, viral infection was pri-
marily blocked at the stage of virus internalization and early 
endosome-to-intermediate/late endosome trafficking [11].

In this study, we demonstrated that luteolin reduced 
β-COP protein expression, which contributed to the inhibi-
tion of the absorption and internalization of IAV. In mamma-
lian cells, GBF1 (Golgi BFA resistance factor 1) can assist 
in the recruitment of COPI [31]. The GCA compound is the 
inhibitor of GBF1 function, resulting in rapid dissociation 

of COPI from Golgi membranes, and decomposition of the 
Golgi [20]. Furthermore, the influenza virus M2, NA and 
NP expression was decreased moderately in GCA-treated 
cells [11]. It showed that disturbing of COPI had anti-IAV 
activity. In this study, we found that luteolin did not disturb 
the function of COPI, but played a role of antiviral activity 
by inhibiting the expression of COPI protein.

Conclusions

We provided evidence that luteolin inhibited the replication 
of the IAV. We next confirmed that luteolin can interfere 
with virus at the early stages of its lifecycle and moder-
ately block influenza virus absorption and internalization. 
Interestingly, we revealed that luteolin exhibited antiviral 
activity, at least in part, by targeting the host protein COPI 
with the reduction of its expression level. Our study showed 
that luteolin is a potential anti-IAV agent that can suppress 
IAV replication through host protein modulation, thereby 

Fig. 7   Luteolin did not disturb 
the assembly of the complex 
comprising GM130 and β-COP. 
a Vero cells were untreated or 
treated with GCA (10 μM) and 
luteolin (15 μM) for 1 h. b Vero 
cells infected with influenza 
virus at 0.01 MOI for 2 h, and 
then treated with luteolin for 
18 h. The cells were stained 
with anti-GM130, and anti-β-
COP antibody and were imaged 
by a Zeiss LSM 710 confocal 
microscope. GM130 staining is 
shown in red, whereas β-COP 
is shown in green. Nuclei were 
stained by DAPI are shown in 
blue. Bar, 10 μm
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providing new opportunities for designing anti-influenza 
virus drugs.
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