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In vitro inhibition of carnosic acid against influenza A
virus infections
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Abstract: Carnosic acid (CA) is the main phenolic diterpenoid active ingredient in plants such as rosemary
and sage, and has antiviral, antioxidant, anti-inflammatory effects and so on, however, its antiviral activity against
influenza virus infections was not reported. In this study, antiviral activities against influenza A virus infections of
three main bioactive ingredients from rosemary, including rosmarinic acid, CA and ursolic acid, were evaluated
using virus titer titration assay, and CA showed remarkable inhibition on influenza HSN1 replication in A549 cells.
The antiviral activity of CA was further confirmed and its mechanism of action was investigated using the indirect
immunofluorescence assay (IFA), Western blot and real-time fluorescence quantification polymerase chain reaction
(qRT-PCR). The results showed that the 50% effective concentration (EC,,) of CA against influenza HSN1 in A549
cells and MDCK cells were 4.30 and 3.64 umol-L", respectively. Meanwhile, CA also showed inhibition on
influenza virus 2009panHIN1 (EC,,: 10.1 pmol-L") and H3N2 (EC,,: 12.8 pmol-L") replications in A549 cells.
Mechanistic studies showed that antiviral activity of CA is related to its induction of heme oxygenase-1 (HO-1) in
A549 cells and suppression on production of reactive oxygen in H5N1-infected cells.
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TRIET BT 9 191 i 1A 25~ 50 73 IR B e B
BUFE RNA $& 150 55, M40 9 55 =% S LI AS 5] 40 9 R S
LTS T 48, HORIG BN # (influenza A virus, IAV)
AJ AR FE R AR (1 ML R (hemagglutinin, HA) Al £
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Table 1 Primers used for real-time fluorescence quantification
polymerase chain reaction (QRT-PCR). IAV: Influenza virus A; NP:
Nucleoprotein; F: Forward; R: Reverse; HO-1: Heme oxygenase-1;

GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

Gene Sequence
IAV (H5N1)-NP  F: 5-ACCAGAAGATKTGTCMTTCCAGGG-3'
R: 5'-TACTCCTCCGCATTGTCTCCGAAG-3'
HO-1 F: 5~AAGACTGCGTTCCTGCTCAAC-3'
R: 5'-~AAAGCCCTACAGCAACTGTCG-3'
F: 5'-GCACCGTCAAGGCTGAGAAC-3'
R: 5'-TGGTGAAGACGCCAGTGGA-3'

GAPDH

E B R ZENE 4T # (Western blot) 2 il £ /i) 4%
) 5 A 2 ¢ Ol SEE IR (TFA)” 1 7 922 ) 6 FLAR LA,
J B2 5256 25 [ Yan S PHRIE (1 7 VERRAE .

7& M & (reactive oxygen species, ROS) 7K F &
M F DMEM 2 fifh 3 772 10K i 2% 8 HSN1 W B &2
100 TCID,,, N\ 24l i A549 40 1 (1) 24 FLIR F, FE 4L
TIN 500 pL, 1 h i, FIPBS ¥ 2 ¥k, e N AIf 75 9 B 1
CA B3R, ¥ B v # 0 B 4H; %% 200 pmol L™ H,O,
1 55 I VRURE CA B R 0 FIT 5 TR BE, 0 N 214996 AS49 21
J () 24 FLAR 15 B H,0, FH A 6 B4 R0 2 0 B4
24 h J5 % 1k 3% 5, DCFH-DA 841 % & 30 min J5 PBS
Va3 Wk, THIESOCEMEBL (BB 488 nm . A5 i3
£ 525 nm) M.

NF-xB (p65) #% Z 1M LI H DMEM e fifi 55
TR ORI IR 7 HSN1 F BE 22 100 TCID,,, AN 21 42 Fh
AS49 4L (1x10°4N) 3L R A P B 7 I A, &
1 mL, ¥ &2 AL, T 37 cCCA G 7748 H I & 1 h,
FHPBS ¥E 2, #: A% 10 pmol-L' (i) CA 5 77 W, % &
93 13 X IR, A M R 55 40 P B 9% 24 h, ROERE IR, [
Y, 2 Su ZECOHRIE (K 7 VE AL ERE B, N NF-xB p65
—¥i, T4 °CHE & TR, PBS V2 G, INAZEE — 47,
LI E 1 h, DAPI (4',6-diamidino-2-phenylindole) il
M AZ G4 €4 5 min Ji5, 2E WO TR £ BRI N W22 A549
Y p65 (4% S

ELISA #230 TNF-a 7K 1] DMEM & fitli 5 57 i
W U % B HSNT % B 22 100 TCID,, hn N 2 46 i
AS49 g1y 12 FLARH, BEALIIA 1 mL, 1 h )5, A PBS
Ve 2 IR, NS I R B I CA B 3R, B R B
X FRZH AN 2 (A IR A, 24 h )5, 3525 LI W, I PBS ¥
2K, I\ 500 uL PBS, #4240 A S 52 Rl 3 7k, B HE 4
Jitg 2 A W, 1 000 xg B0 10 min, Y B _F 3 W, 4 18
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TNF-o ELISA 15075 & 3 B 50 72 % L TNF-a < B .
HIHFESHT ALK EZIR BEERN
SR £ bR ZE (x £ ), I XUR ¢ 46 36 7 5 o8 gk
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W, H B AR R OC R, CA AP & 3 FE (K H5N1
T 8 % (EC,,: 4.30 umol-L™), 5% # 41 M L,
20 pmol L' CAYEH 48 h i1 AUk /&> 17 97.7%;
1M RAMTUA X HSN 1S A 5A B B4 45 1, BC,, >
100 pmol-L"'. #£ MDCK 4H il /F, CA X HSN1 f 38 5
5 A I E I, EC,, N 3.64 umol-L”, 1fii RA fl UA [7]
FEEA HSN1 G580 4E I, EC,, > 100 pmol-L™.

Table 2 Antiviral effects of carnosic acid (CA) against HSN1 in-
fection in A549 and MDCK cells. “~": Not detected; CC,;: 50%
Cytotoxic concentration; EC,;: 50% Effective concentration; SI:

Selective index; RA: Rosmarinic acid; UA: Ursolic acid

A/Duck/Guangdong/99(H5N1)

Cellfine Compound  ~=e— T EC/umolL’ _ SI
A549 CA 37.89 430 88
RA >100.0 >100.0 -
UA >100.0 >100.0 -
MDCK CcA 35.69 3.64 9.8
RA >100.0 >100.0 -
UA >100.0 >100.0 -

OH
O, _OH OH
OH
X O
Ho/@/\*
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Rosmarinic acid (RA)
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0.0-
HSNI + +  + o+ o+
CA/pmol'L" 0 5 10 20 0
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Figure 1 CA inhibits H5N1 infection in A549 cell cultures. A549 cells infected with HSN1 were treated with the indicated concentrations
of CA or oseltamivir (OST) for 48 h. A: The chemical structures of CA, RA and UA; B: The expression level of HSN1 NP protein was

detected by indirect immunofluorescence assay (IFA). Scale bar: 250 um; C: Relative expression level of HSN1 NP protein; D: The

expression level of NP mRNA were detected using QRT-PCR. n =3, x £ 5. "P<0.05, ""P < 0.001. DAPI: 4',6-Diamidino-2-phenylindole
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K2, % H3N2 0 B (# #  /E F 55 . BH 1% 25 OST
(20 umol-L™") Xt 3 F 3E 284 358 8% I3 23 11 410 1] 2% 34 1 2
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YL f5 45 2 (post-treatment) 152X, 75 JEYL f57 24 h I 5
BENPEHAMRAAHEERRE . 4R ER (KH4B~D),
20 pmol-L™" CA T 4bF A549 4 i 2 h A £ BEAK 14805
B X075 B AU 55 NP & (1 3R 08, $27R CA AL AN R
AS549 20 it X HSNT [ 088 i A PE A BE R, 500
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7R CA X HSN1 3 #8200 T80 B HIEH, AR
75 B 0 4 PR 4D R B S R HSNL R 4 A549 40 i s 15

B mm H5N1
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Figure 2 CA exhibits sustaining antiviral effect against HSN1 infection in A549 cell cultures. A-C: A549 cells were infected with H5N1

and treated with CA for 24, 48 and 72 h, respectively; virus titer (A), expression levels of viral NP mRNA (B) and NP protein (C) were deter-

mined by the end point dilution assay, qQRT-PCR and Western blot, respectively; D: Western blot bands were quantified by Image J and data

were normalized by setting the control (the expression of NP protein at 24 h of HSN1 group) as 1. n =3, x 5. "P < 0.05, "P < 0.01, "'P <

0.001. TCID,,: 50% Tissue culture infective dose
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A oo H5N1 B - 2009panHIN1 C - H3N2
100 100 100
X X X
~ 80+ ~ 80+ ~ 80+
o4 £ 4
£ 60 £ 60 & 60
1 IR T S GO B 1 EE T Y T T T T I TR
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£ £ 2
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0-4 0-4 0-4
204 0.5 10 15 204 0.5 10 15 204 0.5 10 15
Ig (concentration of CA /umol-L") lg (concentration of CA /umol-L™") lg (concentration of CA/pumol-L!)

Figure 3 Inhibitory activity of CA against the replications of three different IAV strains in A549 cells. A549 cells were infected with HSN1
(A), 2009panHIN1 (B) or H3N2 (C), and treated with CA for 24 h, the inhibitory effect of CA against IAV replication was determined by

the end point dilution assay and fitting curves were drawn based on the results by GraphPad Prism8.0, respectively. n =3, x £ s

A -2 0 1 | | 24 hpi
J
L

Pre-treatment ]

Co-treatment .

Post-treatment

I : Virus infection [l : Compound treatment : Harvest
B Pre-treatment C B H5N1
H5N1 B3 H5NI1+CA 20 pmol-L™!
CA / pmol-L* B3 H5N1+OST 20 pmol-L™!
OST / pmol-L*! ns Ak Hokok
2 120+ ns ns sk
© 100
>
2
g 80
2
£ 60
Ay
& Z 404
3
I k] 20
Qo
Z I o
Pre-treatment ~ Co-treatment  Post-treatment
Co-treatment Post-treatment
H5NI1 - + + + D
CA / pmol-L*!
OST / pmol-L*! 59 ns . s
ns ns sk

Virus titer / 1gTCIDs-0.1 mL™!

NP+DAPI

Pre-treatment ~ Co-treatment  Post-treatment

Figure 4 CA exhibits inhibition on H5N1 replication in the post-treatment mode. A: A549 cells were treated with indicated compounds for
2 h prior to virus infection (pre-treatment), or for 1 h during viral infection (co-treatment), or for 24 h after 1 h virus infection and removal
(post-treatment); B-D: At 24 hours post infection (hpi), the cells were subjected to viral NP protein analysis using IFA (B, C) and super-
natants were collected for the determination of virus titer using the end point dilution assay (D). Scale bar: 250 um. Results shown in C

are normalized NP levels based on the fluorescence optical densities of the images from three independent experiments (B). n = 3, x = s.

"P<0.001. ns: No statistical significance
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Figure 5 CA inhibits H5N1 replication in A549 cells partly by enhancing cellular HO-1 expression. A, B: A549 cells without HSN1 infec-

tion were treated with the indicated concentrations of CA (A) or hemin (B) for 24 h, and the protein expression of cellular HO-1 was

assessed by Western blot; C, D: A549 cells infected with H5N1 were treated with the indicated concentrations of CA or 40 pmol-L" hemin

for 24 h. The protein expressions of cellular HO-1 and viral NP were assessed by Western blot (C). The relative expressions of cellular HO-1
mRNA and viral NP mRNA were assessed by qRT-PCR (D). n=3,x+s. P<0.05,"P<0.01, P <0.001
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Figure 6 CA suppresses oxidative stress induced by HSN1 infec-
tion and H,0, in A549 cells. A549 cells infected with HSN1 were
treated with the indicated concentrations of CA for 24 h. As a posi-
tive control, A549 cells were stimulated with H,O, (200 pmol-L™)
at 37 °C for 24 h. The reactive oxygen species (ROS) level, reflected
by the ratio of positive cells stained with dichlorofluorescein

(DCF), was determined using IFA. Scale bar: 125 um
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Figure 7 CA attenuates nuclear factor kappa-B (NF-xB) activation and subsequent production of pro-inflammatory cytokines in HSN1-

infected A549 cells. A549 cells infected with HSN1 was treated with the indicated concentrations of CA for 24 h. A: The protein expression

of NF-«B p65, p-p65 and GAPDH in A549 cells was assessed by Western blot; B: The p65 nuclear translocation was detected by confocal

microscopy. The white arrows represent p65 nuclear translocation. Scale bar: 25 pm; C: The content of tumor necrosis factor a (TNF-a) was

analyzed by enzyme linked immunosorbent assay (ELISA)
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