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Abstract 

Introduction Chlorogenic acid, the primary active component in Chinese medicines like honeysuckle, exhibits 
anti-inflammatory and antiviral effects. It has been demonstrated that chlorogenic acid effectively prevents and treats 
Duck enteritis virus (DEV) infection. This study aims to further elucidate the mechanism by which chlorogenic acid 
prevents DEV infection.

Methods Duck embryo fibroblast (DEF) cells were pre-treated with chlorogenic acid before being infected with DEV. 
Cell samples were collected at different time points for transcriptomic sequencing, while qPCR was used to detect 
the proliferation of DEV. Additionally, 30-day-old ducks were treated with chlorogenic acid, and their lymphoid 
organs were harvested for histopathological sections to observe pathological damage. The proliferation of DEV 
in the lymphoid organs was also detected using qPCR Based on the transcriptomic sequencing results, NF-κB1 gene 
was silenced by RNAi technology to analyze the effect of NF-κB1 gene on DEV proliferation.

Results Compared to the viral infection group, DEF cells in the chlorogenic acid intervention group exhibited 
significantly reduced DEV load (P < 0.05). Transcriptomic sequencing results suggested that chlorogenic acid inhib-
ited DEV proliferation in DEF cells by regulating NF-κB signaling pathway. The results of RNAi silencing suggested 
that in the three treatment groups, compared with the DEV experimental group, there was no significant difference 
in the effect of pre-transfection after transfection on DEV proliferation, while both the pre-transfection after transfec-
tion and the simultaneous transfection group showed significant inhibition on DEV proliferation Furthermore, com-
pared to the virus infection group, ducks in the chlorogenic acid intervention group showed significantly decreased 
DEV load in their lymphoid organs (P < 0.05), along with alleviated pathological damage such as nuclear pyretosis 
and nuclear fragmentation.

Conclusions Chlorogenic acid effectively inhibits DEV proliferation in DEF and duck lymphatic organs, mitigates viral-
induced pathological damage, and provides a theoretical basis for screening targeted drugs against DEV.
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Introduction
Duck plague virus, also known as duck enteritis virus, is 
a member of the α-herpesvirus subfamily of the Herpes-
viridae family. It infects ducks, geese and other geese-like 
birds through the digestive tract and other ways, caus-
ing acute febrile septic infectious diseases character-
ized by extensive hemorrhage in the digestive tract and 
progressive degeneration of parenchymal organs, and is 
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one of the most important pathogens that threaten and 
jeopardize the development of the waterfowl aquaculture 
industry [1, 2]. It has been found that after DPV infection 
enters the duck organism, it mainly attacks B lympho-
cytes, causing atrophy of the duck lymphoid organs and 
immunosuppression, which leads to secondary infection 
of other pathogens and accelerates the death of ducks 
[3–5]. At present, the prevention and control of DPV 
is mainly based on vaccination, but due to various rea-
sons, sporadic disease in immunized animals may affect 
the healthy development of poultry farming, so there is 
an urgent need for drugs with unique efficacy for clinical 
prevention and treatment [6, 7].

Chlorogenic acid has antiviral activity against a variety 
of viruses, including hepatitis B virus, influenza virus, 
herpes simplex virus, adenovirus, HIV, coronavirus, por-
cine reproductive and respiratory syndrome virus, etc. 
Gui-Feng Wang et al. [8] evaluated the effect of chloro-
genic acid on the activity of hepatitis B virus in a duck 
model by utilizing hepatitis B virus-infected ducks and 
HepG 2.2.15 cells as in vitro and ex vivo models. Using 
ducks and HepG2.2.15 cells infected with hepatitis B 
virus as an ex  vivo model, they evaluated the effect of 
chlorogenic acid on the activity of hepatitis B virus, and 
the results showed that chlorogenic acid reduced the 
level of hepatitis B virus in serum, inhibited the replica-
tion of hepatitis B virus DNA and the production of viral 
surface antigens in the duck model. The study showed 
that chlorogenic acid could regulate the TGF-β1/SMAD3 
pathway to attenuate hepatic fibrosis, while the levels of 
IL-6, TNF-α and LN were significantly reduced, i.e., chlo-
rogenic acid could attenuate the degree of hepatic injury 
and the degree of inflammatory cell infiltration. Yinju 
Li et  al. [9] treated chicken embryos inoculated with a 
potent strain of infectious bursal infection with chloro-
genic acid, and the results suggested that there was a con-
centration-dependent response in the antiviral activity of 
chlorogenic acid in duck models. There was a concentra-
tion-dependent response of antiviral activity, inhibition 
of NF-κB activation and expression levels of pro-inflam-
matory cytokines TNF-α, IL-1β and histamine. In the 
study of Xiang Li et al. [10], chlorogenic acid was able to 
exert antiviral function by interfering with transcription 
and translation at the early stage of enterovirus replica-
tion and inhibiting the secretion of IL-6, TNF-α, IFN-γ 
and MCP-1. In summary, the anti-inflammatory and 
anti-viral functions of chlorogenic acid are mostly related 
to the direct inhibition of NF-κB activation or the indi-
rect effect of upstream signaling pathways on NF-κB 
signaling and the inhibition of the expression of a variety 
of pro-inflammatory factors. Therefore, the study of chlo-
rogenic acid can help prevent and treat viral infections 
and other related diseases.

By using honeysuckle powder in the treatment of duck-
lings artificially infected with DPV, Zhang et  al. [11] 
found that honeysuckle could improve the anatomical 
symptoms, pathological and histological changes, and 
immune organ function of DPV-infected ducks, but the 
molecular mechanism of its action has not yet been ana-
lyzed. Therefore, this study intends to select chlorogenic 
acid, an antiviral active ingredient of honeysuckle, as the 
research object on the basis of the previous study, and 
investigate the molecular mechanism of chlorogenic acid 
to inhibit the proliferation of DPV by using qRT-PCR 
and transcriptome sequencing technology, with a view 
to providing scientific basis for the prevention and treat-
ment of DPV by the medicine.

Materials and methods
Virus strain, animals and recombinant plasmid
The Guizhou strain of duck plague virus (DPV-GZ strain, 
TCID50 3.16 ×  10–9/0.1  mL) was provided by Guizhou 
Animal Bioproducts Engineering and Technology 
Research Center; 30-day-old San Sui ducks, which were 
tested to be free of DPV and its antibodies, were pro-
vided by San Sui Duck Breeding Farm of Guizhou Prov-
ince. pGPU6/GFP/Neo-NF-κB was provided by Animal 
Disease Research Laboratory of Guizhou Province.

Preparation of duck embryo fibroblasts
SPF-fertilized duck eggs were incubated for 11 d. The 
embryos were taken out, and the head, limbs and viscera 
were removed with ophthalmic scissors; the remaining 
tissues were washed with PBS and cut into pieces, and 
then introduced into the appropriate amount of trypsin, 
which was transferred to 10 ml centrifuge tubes by pas-
teur pipette, and then put in a water bath for digestion at 
37℃ for 20 min, and then inverted and mixing once every 
5 min. After digestion, centrifuge at 3000 rpm for 5 min, 
pour off the trypsin in an ultra-clean bench, add 10% 
fetal bovine serum medium to terminate the digestion, 
and mix upside down. The filtrate was filtered through 
a 70  μm pore size cell sieve, and the filtrate was duck 
embryo fibroblasts.

Chemicals and reagents
Chemicals: Chlorogenic acid powder was purchased 
from Mingze Biotechnology Co. Chlorogenic acid cap-
sules were prepared by dispensing chlorogenic acid pow-
der into edible grade enteric melt capsule shells.

Reagents: Prime ScriptTM RT Master Mix was pur-
chased from TaKaRa; Cell Counting Kit-8 was pur-
chased from Tongren Institute of Chemical Research; 
methanol and acetonitrile were purchased from Thermo 
Fisher Scientific; ammonia formate was purchased from 
Honeywell Fluka, formic acid from DIMKA; xylene, 
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anhydrous ethanol and light liquid paraffin were pur-
chased from Sinopharm Chemical Reagent Co. Ltd; 
xylene, anhydrous ethanol and light liquid paraffin were 
purchased from Sinopharm Chemical Reagent Co. 4% 
paraformaldehyde solution and HE dye solution were 
purchased from Xavier Biotechnology Co.

Determination of chlorogenic acid concentration
DEF cells were inoculated into 96-well culture dishes, 
and different concentrations of chlorogenic acid (final 
concentrations of 0, 0.125, 0.25, 0.5, 1, 2 and 4  mg/
mL) of 100 μL were configured with the maintenance 
medium (containing 3% fetal bovine serum) as sol-
vent, respectively, and three replicate wells were set up 
for each concentration, and the cells were cultured for 
24  h. The medium was aspirated and discarded from 
the wells, and the maintenance medium containing 
10% CCK-8 solution was added. After incubation for 
24  h, the medium in the wells was aspirated, and the 
OD value at 480 nm was detected by an enzyme labeler 
after 1 h of incubation.

Experimental groups and treatments
The cells were grouped and processed according to Fig. 1, 
and the cell samples were collected for 24  h, 36  h and 
48 h, rinsed with Hanks solution for 3 times, centrifuged 
at 3000r/min for 10 min, discarded with Hanks solution, 
and transferred to a − 80 °C freezer for 15 min and then 
transferred to a − 80 °C freezer for later use.

Virus copy number was detected by qRT‑PCR 
and transcriptomic analysis was performed
Cells were inoculated into 96-well plates, and after the 
cells were wall-adhered to the wall as in Table  1, they 
were randomly grouped and treated, and the cellular 
activity of DEF in each group at 24  h was determined 
by CCK-8 method. In Table 1, total RNA was extracted 
by Trizol method according to the instructions, and was 
reverse-transcribed into cDNA using TaKaRa reverse 
transcription kit. qRT-PCR was performed using cDNA 
as a template, and the information of the qRT-PCR prim-
ers is shown in Additional file  1: Table  S1. qRT-PCR 
was performed according to the instruction manual 
of TB Green Premix Ex Taq II. The total volume of the 

Fig. 1 Experimental grouping and treatment. Group A. After the cell adherent grew to 70%, the maintenance medium was changed and continued 
for 24 h, 36 h and 48 h. Group C. 0.250 mg·mL-1 chlorogenic acid was prepared with maintenance medium as solvent, 100 μL was added to each 
well for 1 h and aspirated, Hanks solution was rinsed twice, and 100 μL of maintenance medium was added to continue to culture for 24 h, 36 h 
and 48 h. Group D. 100 μL of DPV virus solution diluted in maintenance medium was added for DEF 1 h and aspirated. Hanks was rinsed twice 
and then added to the maintenance medium for 24 h, 36 h and 48 h. Group F. DEF was aspirated with 0.250 mg·mL-1 chlorogenic acid for 1 h, 
Hanks was rinsed twice and inoculated with DPV for 1 h, and Hanks was rinsed twice and then the maintenance medium was added for 24 h, 36 h 
and 48 h

Table 1 Determination of safe drug concentrations

N 0 0.125 0.25 0.5 1 2 4

Chlorogenic acid 0.158 0.701 0.694 0.691 0.697 0.181 0.213 0.205

0.154 0.727 0.671 0.699 0.696 0.244 0.194 0.186

0.146 0.711 0.705 0.715 0.692 0.272 0.176 0.16
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reaction was 20 μL, and the reaction program was 95 °C 
for 30 s, 95 °C for 5 s and 60 °C for 34 s for 40 cycles, and 
the amplification results were calculated by the  2−ΔΔct 
method.

The cell samples stored in 2.4. Medium-80  °C refrig-
erator were packed in dry ice and sent to Shenzhen BGI 
Co., Ltd. for transcriptomic sequencing using DNB plat-
form sequencer (MGI2000). And sequencing method can 
be reference for building a concrete link: https:// www. 
yuque. com/ yangy ulan- ayaeq/ oupzan/ kn1le y7iz2 c8ylgr

Validation of differential genes
To verify the reliability of the transcriptomics sequenc-
ing results of chlorogenic acid inhibition of DPV pro-
liferation in DEF cells, eight differential genes were 
selected and designed according to the gene sequences 
of GenBank for TNFAIP2, IFN-AR1, TNFSF15, CCL26, 
CHCHD10, ROR2, IL-16, and GNG10, respectively; the 
cells in the Table  1 Sample cDNA samples were ampli-
fied by qRT-PCR using Additional file 1: Table S1 prim-
ers, and the amplification program was 95  °C for 30  s, 
95  °C for 5  s and 60  °C for 34  s for 40 cycles. The rela-
tive expression of mRNA of differentially expressed genes 
was calculated by the  2−ΔΔct method using β-Actin as the 
internal reference gene and compared with the transcrip-
tional sequencing results.

Effect of targeting NF‑kB1 gene RNAi on DEV proliferation
The cells were inoculated with six-well plates and rand-
omized and treated according to the following:

The first group was transfected with pGPU6/GFP/Neo-
NF-κB1 24 h after DEV infection.

The second group was infected with DEV after trans-
fection of pGPU6/GFP/Neo-NF-κB1 for 24 h.

The third group was simultaneously infected with DEV 
and transfected with pGPU6/GFP/Neo-NF-κB1.

At the same time, each group was set up three repli-
cates (DEV + interference recombinant plasmid), DEV 
group (only added DEV), negative group (only added 
interference recombinant plasmid) and blank group (only 
DEF cells). The experimental group was interference plus 
virus group, DEV group was virus group, negative group 
was interference group, and blank group was cell group. 
Cell products were collected at 24, 36 and 48 72 h after 
culture, total RNA was extracted and reverse-transcribed 
into cDNA. The content of DEV-NP gene was detected 
by QRT-PCR as above.

Animal experimentation
Animal breeding, use, and sample collection were per-
formed according to the guidelines of the Laboratory 
Animal Center of Guizhou University, and all animal 
procedures were approved by the Ethics Committee and 

the Laboratory Animal Care and Use Committee (Per-
mit Number: EAE-GZu-2020-E018, 2 September 2020) 
of Guizhou University (Guizhou, China). Thirty 30-day-
old mallard ducklings were randomly divided into three 
groups, i.e., normal control group (N), virus-infected 
group (V) and chlorogenic acid intervention group (M), 
with 10 ducks/group. ducks in group N were injected 
intramuscularly with sterilized saline (0.2  mL/each); 
ducks in group V were injected intramuscularly with 
DPV (0.2 mL/each); and ducks in group M were injected 
intramuscularly with DPV (0.2 mL/each), and at the same 
time, they were manually administered with 1 chloro-
genic acid capsule (containing 0.6 ± 0.6% of chlorogenic 
acid). Group M ducks were injected with DPV (0.2 mL/
each duck) and manually administered 1 capsule of chlo-
rogenic acid (0.6 ± 0.02 g/capsule), 1 capsule per day until 
the end of the 5-d test. The ducks were kept in isolation, 
and the clinical symptoms were observed every day. The 
ducks were euthanized at 24 h, 36 h and 48 h after virus 
infection, and the spleen, thymus and bursa tissues of the 
ducks in each group were collected aseptically, fixed in 
paraformaldehyde solution, dehydrated, embedded and 
then prepared into pathology sections and stained by HE, 
and the pathology of the immune tissues and organs of 
the ducks in each group was observed under the micro-
scope; the viral DNA of the lymphoid organs of the ducks 
in each group was extracted from each group at each 
time point as templates, and the viral DNA was used for 
the templates. According to the manufacturer’s instruc-
tions, the viral DNA of each group of ducks collected at 
each time point was extracted as a template, and the viral 
load of DPV was detected by qPCR, and the sequences of 
DPV primers are shown in Additional file 1: Table S1.

Statistical analyses
The experimental data of SYBR green-based real-time 
PCR were expressed as mean ± standard deviation 
( X± S ). SPSS 26.0, CaseViewer, prism and other software 
were used for analysis and mapping. *: 0.01 < P < 0.05 indi-
cated significant differences. **: P < 0.01, the difference is 
very significant.

Results
Determination of drug concentration
In order to eliminate the toxic effect of chlorogenic acid 
on DEF and control the effect of chlorogenic acid on DEF 
within the safe range, the optimal safe concentration 
of the drug was determined. As shown in Table  1, with 
the increase of concentration, the cell activity showed 
the trend of increasing and then decreasing, but all of 
them were lower than the cell activity of 0 mg/mL, and 
the degree of decrease of the cell activity was not sig-
nificant, which indicated that the low concentration of 

https://www.yuque.com/yangyulan-ayaeq/oupzan/kn1ley7iz2c8ylgr
https://www.yuque.com/yangyulan-ayaeq/oupzan/kn1ley7iz2c8ylgr
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chlorogenic acid had a small toxicity on DEF, and the cell 
activity was the highest when the concentration was up 
to 0.250 mg/mL, which was selected as the safe concen-
tration of the test drug.

Group N, to which only 3% maintenance 
medium + CCK-8 solution was added, is the solution 
control group, and the concentration of 0 mg/mL without 
chlorogenic acid was added, and is the cell control group.

Cell activity assay
In order to understand whether chlorogenic acid will 
alleviate the effect of DPV on DEF cells when acting on 
infected cells, the CCK-8 method was used to detect the 
cell activity of each group of cells after different treat-
ments at 24 h, 36 h and 48 h of incubation, as shown in 
Table  2, the cell activity of group C did not change sig-
nificantly compared with group A (P > 0.05), and the 
cell activity of group F increased extremely significantly 
compared with group D (P < 0.01). It indicates that DPV 
infection leads to a decrease in cell activity, and the cell 
activity of DEF cells after chlorogenic acid action is sig-
nificantly increased compared to no treatment in DPV 
infection.

Infected cell virus qRT‑PCR detection results
In order to understand the viral load of cells in each 
group at each time point after DPV infection, qRT-PCR 
was used. As shown in Fig.  2, compared with the cell 
control group, the DPV load of the virus-infected group 
increased significantly at all three time points (P < 0.05); 
compared with the virus-infected group, the DPV load 
of the cells in the chlorogenic acid-intervention group 
showed a significant decrease at all three time points 
(P < 0.05), which indicated that chlorogenic acid could 
inhibit the proliferation of DPV in DEF cells.

Transcriptomics analysis results
Global changes in gene expression
In order to study the gene expression of chlorogenic 
acid during DPV infection of DEF, total cellular RNA 
was extracted, and sequencing library was constructed 
and used for RNA-seq. To reduce the interference of 

subsequent sequencing, the data were filtered and clean 
reads were obtained, and the percentage of clean reads of 
high-quality data obtained after filtration was higher than 
90%, and the overall quality of the data was high, which 
lays the foundation of subsequent analyses (Additional 
file 2: Table S2). The results of PCA showed that the dis-
tribution of samples in the same group was more concen-
trated, and the distribution between samples in different 
groups was more dispersed, suggesting that the samples 
were biologically well duplicated (Fig. 4a); the heat map 
of sample correlation showed that the samples in the 
same group were similar in color, and the correlation was 
high (Fig.  4b). Overall statistical analysis of differential 
genes and visualization by volcano diagram (Additional 
file 3: Fig. S1) showed that the number of down-regulated 
differential genes was significantly higher than the num-
ber of up-regulated differential genes in group A com-
pared to group D, suggesting that DPV infection with 
DEF mainly caused down-regulation of gene transcript 
levels; the number of up-regulated differential genes was 
significantly higher than the number of down-regulated 
genes in group C compared to group F, and the number 
of up-regulated differential genes was significantly higher 

Table 2 Results of DEF cell viability assay in each group

Inconsistencies in lowercase letters a, b, c in the table indicate significant differences, and inconsistencies in uppercase letters A, B, C indicate significant differences

Group A was the cell control group, group C was the chlorogenic acid control group, group D was the virus control group, and group F was the chlorogenic acid 
intervention group

24 h 36 h 48 h

Blank control group (A) 0.78 ± 0.058Aa 0.73 ± 0.021Aa 0.86 ± 0.031Aa

Chlorogenic acid control group (C) 0.72 ± 0.025Aab 0.70 ± 0.047ABa 0.74 ± 0.045ABab

DPV control group (D) 0.57 ± 0.067Bc 0.49 ± 0.056Cc 0.36 ± 0.127Cc

Chlorogenic acid intervention group (F) 0.68 ± 0.03ABb 0.61 ± 0.031Bb 0.65 ± 0.015Bb

24 h 36 h 48 h
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Fig. 2 Detection of viral load at various periods after the action 
of chlorogenic acid on infected cells the same lowercase letters 
represent non-significant differences between the groups compared 
at the same time, and different lowercase letters represent significant 
differences between the groups compared at the same time, 
followed by the same



Page 6 of 19Yang et al. Virology Journal           (2024) 21:60 

than the number of down-regulated genes in group D 
compared to group F, suggesting that chlorogenic acid 
mainly causes up-regulation of genes to inhibit DPV pro-
liferation in DEF (Fig. 3).

Results of overall statistical analysis of differential genes
Comparison between groups at the same time point, 
the results are shown in Fig. 4: when chlorogenic acid 
and DPV acted DEF for 24  h, there were a total of 
308 differentially expressed genes in group A and D, 
of which 125 were up-regulated genes and 183 were 
down-regulated expressed genes; a total of 292 differ-
entially expressed genes in group C and D, of which 
176 were up-regulated genes and 116 were down-
regulated genes; a total of 246 differentially expressed 
genes in group C and F, of 193 up-regulated genes and 
53 down-regulated genes; group D and group F dif-
ferentially expressed genes totaled 362, including 258 
up-regulated genes and 104 down-regulated genes.
when chlorogenic acid and DPV acted DEF for 36  h, 
there were a total of 898 differentially expressed genes 
in group A and D, including 231 up-regulated genes 
and 667 down-regulated genes; there were a total of 
931 differentially expressed genes in group C and D, 
including 696 up-regulated genes and 235 down-reg-
ulated genes; there were a total of 1719 differentially 
expressed genes in group C and F, including 1225 
up-regulated genes and 494 down-regulated genes; 
and there were a total of 362 differentially expressed 
genes in group D and F. 494 down-regulated genes; 
Group D and Group F differentially expressed genes 

totaled 348, including 206 up-regulated genes and 142 
down-regulated genes.when chlorogenic acid and DPV 
acted DEF for 48  h, the total number of differentially 
expressed genes in group A and D was 660, including 
84 up-regulated genes and 576 down-regulated genes; 
the total number of differentially expressed genes in 
group C and D was 731, including 147 up-regulated 
genes and 584 down-regulated genes; the total number 
of differentially expressed genes in group C and F was 
223, including 154 up-regulated genes and 69 down-
regulated genes; the total number of differentially 
expressed genes in group D and F was 1425, including 
206 up-regulated genes and 142 down-regulated genes. 
The total number of differentially expressed genes in 
group C and group F was 223, 154 up-regulated genes 
and 69 down-regulated genes; the total number of dif-
ferentially expressed genes in group D and group F was 
199, 138 up-regulated genes and 61 down-regulated 
genes.

The above results showed that the number of down-
regulated genes was significantly higher than the number 
of up-regulated genes in group A compared with group 
D, suggesting that the infection of DEF by DPV mainly 
caused the down-regulation of gene transcription level; 
the number of up-regulated genes was significantly 
higher than the number of down-regulated genes in 
group C compared with group F, and the number of up-
regulated genes was significantly higher than the num-
ber of down-regulated genes in group D compared with 
group F, suggesting that chlorogenic acid mainly caused 

Fig. 3 Sample relationship analysis. a sample principal component analysis plot, PCA1 is the first principal component, PCA2 is the second principal 
component, and percentage refers to the contribution of the comparison sample; b sample correlation heat map
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Fig. 4 Overall statistical results of differential genes. The X axis represents the difference comparison scheme for each group, and the Y axis 
represents the corresponding number of differential genes (DEG). Red represents the number of up-regulated DEGs and blue represents 
the number of down-regulated DEGs
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gene up-regulation to inhibit the proliferation of DPV in 
DEF.

Differential gene GO enrichment analysis
The differentially expressed genes appeared in DPV-
infected DEF cells after chlorogenic acid interven-
tion were analyzed and categorized by comparing 
with GO database in order to observe which biologi-
cal processes the differentially expressed genes were 
involved in. As shown in Fig.  5, the differential genes 
were mainly involved in biological processes such as 
immune response, cell adhesion, signal transduction, 
cell chemotaxis, and viral defense response at 24 h post-
intervention; at 36  h post-intervention, the differential 
genes were mainly involved in biological processes such 
as immune response, inflammatory response, neutro-
phil chemotaxis, and activation of neutrophils; and at 
48 h post-intervention, the differential genes were mainly 
involved in immune response, cell adhesion, activation of 
complement, cell chemotaxis, acute phase response, and 
cytokine-mediated signaling pathway.

KEGG enrichment analysis of differentially expressed 
genes
The differential metabolites were compared with KEGG 
large database to analyze the enrichment of differen-
tial genes in relevant pathways after chlorogenic acid 

intervention in DPV-infected DEF cells. As shown in 
Fig. 6, the differentially expressed genes at 24 h of inter-
vention were mainly involved in signaling pathways 
such as toll-like receptor signaling pathway, chemokine 
signaling pathway, NF-kappa B signaling pathway, TNF 
signaling pathway and IL-17 signaling pathway. The dif-
ferentially expressed genes at 36 h mainly participated in 
TNF signaling pathway, NF-kappa B signaling pathway, 
calcium signaling pathway, toll-like receptor signaling 
pathway and DNA sensing pathway. The differentially 
expressed genes at 48  h were mainly involved in DNA 
sensing pathway, NF-kappa B signaling pathway, TNF 
signaling pathway and IL-17 signaling pathway.

Correlation factor analysis and validation results
Data preprocessing and quality control
As shown in Fig. 7, the overlap in the VENN plot compar-
ing the normal control group with the viral control group 
at each time point indicates 37 differentially expressed 
genes (Fig. 7a), the overlap in the VENN plot comparing 
the chlorogenic acid intervention group with each other 
at each time point indicates 71 differentially expressed 
genes (Fig. 7b), the overlap in the VENN plot comparing 
the chlorogenic acid intervention group with the chlo-
rogenic acid control group at each time point indicates 
29 differentially expressed genes (Fig. 7c), and the over-
lap in the VENN plot comparing the chlorogenic acid 

Fig. 4 continued
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intervention group with the viral control group at each 
time point indicated 17 differentially expressed genes 
(Fig. 7d). Pooling these genes, the screening enumerated 

8 meaningful differentially expressed genes, of which 
TNFSF15, TNFAIP2, IFNAR1 and CCL26 were pathway-
related genes. RT-qPCR was used to analyze the above 

Fig. 5 GO enrichment analysis of differentially expressed genes involved in biological processes. The X-axis is -lg (Qvalue), the Y-axis is the name 
of the participating function, and the broken line is the number of differential genes



Page 10 of 19Yang et al. Virology Journal           (2024) 21:60 

8 DEGs to verify the accuracy of the RNA-seq data, and 
the results showed that the overall trend of the selected 
genes was consistent, proving the reliability of our RNA 
sequencing (Additional file  4: Fig. S2). In addition, the 

differentially expressed genes were annotated to the 
KEGG enrichment signaling pathway to analyze the 
expression changes of genes in the NF-κB dominated 
signaling pathway (Table 3).

Fig. 5 continued
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Fig. 6 Bubble enrichment of KEGG pathway of differentially expressed genes. X axis is enrichment ratio, Y axis is KEGG Pathway, bubble size 
represents the number of genes annotated on a KEGG Pathway, color represents enrichment significance value, the redder the color, the smaller 
the significance value
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Fig. 6 continued
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Results of critical path analysis
As shown in Table 4, chlorogenic acid inhibits DPV pro-
liferation in  vitro, and up- and down-regulates genes in 
the NF-κB signaling pathway, toll-like receptor signaling 
pathway, TNF signaling pathway, and IL-17 pathway at 
different time intervals. IL-6 and IL-8 are inflammatory 
factors, and IL-8 transmits signals to activate the toll-like 

receptor signaling pathway, and TLR4 and NFKBIA are 
NF-κB signaling inhibitors. pathway inhibitors, chloro-
genic acid can regulate IL-8, TLR4 and NFKBIA, down-
regulate the inflammatory-related factors in the toll-like 
receptor signaling pathway, coordinate IL-18R and NFK-
BIA in the TNF signaling pathway, and cause a large 
amount of secretion of CCL20 in the IL-17 signaling 

Fig. 7 VENN analysis results of differentially expressed genes in each group. a Comparison at various time points between the virus group 
and the normal control group; b Each time point in the intervention group was compared respectively; c Comparison between intervention group 
and chlorogenic acid control group at each time point; d Comparison between intervention group and virus group at various time points

Table 3 Analysis results of NF-κB, toll like receptor and TNF signal pathway

Channel name Time period (h) Adjust upwards 
and downwards

Gene

NF-κB signal pathway 24 ↑ MIP-1β, IL-8 and IkBα

↓ BTK, CARD11, PRCKB, PLCG2, BLNK, CD14, TLR4 and TNFSF11

36 ↑ MIP-1β, IkBα, VACM-1, MD-2

↓ COX2

48 ↓ TNFAIP3 and COX2

Toll like receptor signaling pathway 24 ↑ IL-8, MIP-1β, CCL26 and IkBα

↓ BTK, TLR2, TLR4, TLR5, CD14, TLR7/8, AP1 and CD80

36 ↓ PI3K, TLR4, TRAF3, OPN, CD86, IkBα, MIP-1β, IL-6, RANTES and MD-2

48 ↑ IKBKE

↓ MIP-1β

TNF signaling pathway 24 ↑ CCL20, Mmp3, Mmp9, CCL26, VEGFD, IL18R1, MLKL and IkBα

36 ↑ CX3CL1, Mmp3, VCAM1, CD86 and IkBα

↓ LIF, SOCS3, EDN1 and PTGS1

48 ↓ CREB5, CCL26, LIF, TNFAIP3, MMP9 and PTGS2
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pathway, alleviate inflammatory injury to cells by DPV, 
inhibit the activity of NF-κB signaling pathway activated 
by DPV and inhibit the activity of NF-κB signaling path-
way activated by DPV, to resist cellular damage and inter-
fere with DPV proliferation in cells.

Effect of NF‑κB1 RNAi on DEV proliferation in DEF cells
pGPU6/GFP/Neo-NF-κB-2 and DEV were infected and 
transfected using three different methods, respectively. 
Cells were collected at 24, 36, and 48 h, followed by qPCR 
detection of the DEV-NP gene. The results demonstrated 
that the group with interference for 24  h followed by 
treatment with poison achieved an inhibition efficiency 
of up to 83% at 48 h. Additionally, the group treated with 
both poison and interference exhibited an inhibition effi-
ciency of up to 77% at 72 h. Notably, the group with inter-
ference for 24 h followed by poison treatment showed the 
highest inhibition efficiency (refer to Table 4, Fig. 8).

Observations on tissue lesions after DPV infection in ducks
In order to study the effect of DPV-infected ducks on 
various lymphoid organs, pathological sections were pre-
pared. There were no obvious histopathological changes 
in various lymphoid organs in group N. In group N, 
there were no obvious histopathological changes in vari-
ous lymphoid organs. Splenic organs: Group V showed 
massive congestion of the splenic sinus at 24  h, nuclear 
consolidation and nucleolysis at 36  h, and a significant 
decrease in the number of splenic lymphocytes at 48 h, 
accompanied by a large number of inflammatory cell 
infiltration and tissue disintegration (Additional file  5: 
Fig. S3a, Group V, the arrowheads pointing to the above 
histopathological lesions); Group M showed an increase 

in the number of splenic lymphocytes at 24 h, a reduction 
in the nuclear consolidation and nucleolysis phenomenon 
at 36 h, and a significant reduction in the hemorrhage or 
bruising phenomenon of the splenic sinus at 48 h (Addi-
tional file 5: Fig. S3a Group M. The arrows point to slight 
lesions in the above tissues. Thymus: Group V showed 
eosinophilic staining in both the cortex and medulla at 
24 h, with a large number of vacuoles, slight hemorrhage 
and local inflammatory cell infiltration in the cortex at 
36 h, and tissue disintegration and nuclear consolidation 
in the thymus at 48 h (Additional file 5: Fig. S3b, Group V, 
the arrowheads pointing to the above histopathology); in 
Group M, lymphocytosis at 24 h increased in comparison 
with that of Group V, with a small number of vacuoles 
at 36 h, and slight inflammatory cell infiltration and lym-
phocytosis in the cortex and medulla at 48  h. The lym-
phocytes were increased at 24 h, with a small number of 
vacuoles at 36 h. In group M, a small number of vacuoles 
appeared at 48  h compared with group V. At 48  h, the 
cortex and medulla showed a slight inflammatory cellular 
infiltration with lymphocytosis, and the histologic lesions 
did not worsen with the prolongation of the time of infec-
tion (Additional file 5: Fig. S3b, group M, the arrowheads 
pointing to the abovementioned slight histologic lesions). 
Bursa fascicularis: 24  h markedly reduced basophilic 
granulocytes in the medulla,36  h nuclear consolidation, 
nuclear fragmentation, reduced lymphocytes, 48 h tissue 
disintegration and a small number of hemorrhagic spots 
(Additional file 5: Fig. S3c Group V, the arrows pointing 
to the above histopathology); Group M ducks with bursa 
fascicularis infection 24 h markedly increased basophilic 
granulocytes in the medulla, 36 h localized irregular fis-
sures and a small amount of hemorrhage, 48  h a slight 

Table 4 Effect of RNA interference NF-κB1 on DEV proliferation

In comparison to the virus control group

**Indicates an extremely significant difference (P < 0.01)

*Indicates a significant difference (P < 0.05), and no marker implies no statistically significant difference

Handle Group 24 h 36 h 48 h

Infect before you interfere Experimental group 1.1 ×  108* 1.14 ×  108 2.67 ×  108

Viral control 6.31 ×  107 9.17 ×  107 2.04 ×  108

Negative control 2.77 ×  103 8.39 ×  104 3.43 ×  104

Blank control 4.18 ×  103 1.16 ×  104 5.58 ×  103

Interference before infection Experimental group 6.44 ×  106* 4.52 ×  107** 3.53 ×  107**

Viral control 1.14 ×  107 8.01 ×  107 8.04 ×  107

Negative control 4.81 ×  103 9.50 ×  103 4.27 ×  102

Blank control 5.04 ×  103 1.03 ×  104 4.00 ×  102

Simultaneous infection and interference Experimental group 4.28 ×  107 3.98 ×  106** 6.13 ×  107**

Viral control 4.52 ×  107 4.17 ×  107 1.43 ×  108

Negative control 4.02 ×  103 1.16 ×  103 3.85 ×  103

Blank control 1.38 ×  103 4.56 ×  103 1.96 ×  103
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tissue disintegration (Additional file 5: Fig. S3c Group M, 
the arrow pointing to the above histopathology). In group 
M, there was a significant increase in basophils in the 
medulla of ducks at 24 h after bursa infection. The above 
results further indicated that honeysuckle could reduce 
the damage of lymphoid organs caused by DPV infection 
in ducklings.

Results of qRT‑PCR detection of duck immune organ virus 
in infected ducks
In order to study the actual intervention effect of chloro-
genic acid, qPCR was used to detect the viral load in each 
immune organ of ducks in each group at each time point 

after DPV infection. As shown in Fig. 9, compared with 
group N, the DPV load in all lymphoid organs of ducks 
in group V increased significantly (P < 0.05) at all three 
time points, and compared with group V, the DPV load in 
all lymphoid organs of ducks in group M decreased. The 
DPV load of group N was zero in all lymphoid organs. 
The results showed that chlorogenic acid inhibited the 
proliferation of DPV in all lymphoid organs of ducklings.

Discussion
Duck plague virus causes duck viral enteritis in poultry 
such as ducks, geese and other wild and migratory water-
fowl, with high morbidity, mortality and decreased egg 

Fig. 8 Transfection of pGPU6/GFP/Neo-NF-κB1-2 (100 x)
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production, which seriously affects the healthy develop-
ment of waterfowl farming [12, 13]. A large number of 
studies have proved that chlorogenic acid can inhibit the 
proliferation of adenovirus, hepatitis B virus, herpes sim-
plex virus, dengue virus, etc. in host cells by enhancing 
the body’s immunity, but the specific mechanism is still 
unclear [14–16]. In this experiment, based on previous 
studies, chlorogenic acid, an active antiviral component 
of Honeysuckle, was selected to act on DEF infected with 
DPV, and based on transcriptomics sequencing, key fac-
tors and related metabolic pathways were analyzed to 
investigate the mechanism of chlorogenic acid to inhibit 
the proliferation of DPV.

Chemokine ligand 26 (CCL26) interacts with CCR3 
to attract eosinophils to sites of inflammation [17] and 
mediates trans-endothelial migration of eosinophils 
by binding to and activating G protein-coupled (GPC) 
chemotaxis of CCR3 on the surface of eosinophils [18]. It 
was found that significantly elevated levels of the CCL26 
gene were found in eosinophilia-related diseases. Sun 
Xiaochuan [19] et  al. collected peripheral blood speci-
mens from patients with primary biliary cholangitis 
(PBC), isolated plasma and peripheral blood single nucle-
ated cells, and detected plasma CCL26 levels by ELISA, 
and found that plasma CCL26 levels were significantly 
elevated in all patients with PBC compared with healthy 
controls. Tumor necrosis factor α-inducible proteins 
(TNFAIPs) are a family of TNF-α-induced proteins [20, 
21], and its member, TNFAIP2, is a pro-inflammatory 
cytokine secreted mainly by immune cells [22], which 
acts as a TNFα-responsive gene regulated by multiple 
transcription factors and signaling pathways and has the 
potential to regulate the expression of TNFα. and signal-
ing pathways and has the ability to regulate multiple bio-
logical functions including cell proliferation, migration 
and inflammation [23]. Relevant studies have shown that 
TNFα will no longer induce TNFAIP2 expression if the 
NF-κB p65 subunit is deleted, suggesting that TNFAIP2 
expression is closely related to the NF-κB pathway [24, 

25]. Zhao et al. [26] subjected neuronal cell lines to oxy-
gen–glucose deprivation ( OGD) stress and detected 
the expression of miR-221, TNF-α, and TNFAIP2 using 
real-time fluorescence quantitative PCR and immuno-
blotting, and found that overexpression of TNFAIP2 
alleviated miR-221-induced inflammatory response 
and apoptosis under OGD stress. IFN-1 acts intracellu-
larly by polymerizing the type I IFN receptor (IFNAR1) 
[27, 28]. It has been shown that neutrophil-mediated 
regulation of immune responses in lymph nodes is par-
tially regulated by type I IFN signaling. Inactivation of 
IFNAR1 on neutrophils leads to a significant reduction 
in neutrophil/T-cell interactions and is accompanied by 
a decrease in T-cell activity and proliferation [29]. The 
most obvious way in which IFNAR1 levels influence 
signaling is by increasing the strength of the signal, as 
evidenced by the observation that when the concentra-
tion of IFNAR1 is increased, IFN-1 binding affinity was 
significantly increased. suggesting a mechanism by which 
cells control IFN-1 activity by altering IFNAR1 concen-
trations [30, 31]. In this experiment, the transcriptomics-
based sequencing results after chlorogenic acid and DPV 
action on DEF revealed that chlorogenic acid caused 
almost no changes in the expression of DEF cell signaling 
pathway genes and other related genes except IL-16, and 
could have an effect on the TNFAIP2, IFNAR1, CCL26, 
and other related genes IL-16, CHCHD10, CCL26, and 
other related genes in DEF cells caused by DPV infec-
tion, ROR2, and GNG10 expression upregulation and 
negatively regulate TNFSF15 expression. It suggests that 
DPV can activate signaling pathways such as NF-κB by 
up-regulating the content of related pathway factors, 
which facilitates its own proliferation in cells. Secretion 
of related inflammatory factors, causing cellular inflam-
mation. Chlorogenic acid can regulate the expression of 
related genes, inhibit the activation of related pathways, 
down-regulate the secretion of inflammatory cytokines, 
alleviate cellular inflammation, and inhibit the prolifera-
tion of DPV in DEF cells.

Fig. 9 The viral content of each immune organ after DPV infection in ducks
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NF-κB is an important transcriptional regulator [32] 
that has been implicated in many cellular mechanisms, 
such as immune disorders and inflammatory diseases 
[33–35]. When organisms are invaded by viruses and 
other pathogens, NF-κB manipulates certain molecules 
by targeting host pattern-recognition receptors (PRRs) 
and viral proteins, receptors recognize many patho-
gens and their disease-causing components and initi-
ate an innate immune response, and activated TLRs 
provide an effective defense against pathogens and 
activate the downstream NF-κB signaling pathway, 
and the overexpression of TLRs also leads to associ-
ated inflammation upregulation of cytokines and genes, 
exacerbating cellular damage. Drugs block NF-κB subu-
nit gene expression, which in turn inhibits the produc-
tion of neuroinflammatory mediators or IL -1β-induced 
inflammatory responses [36]. Liao Shanghui et al. [37] 
found that chlorogenic acid inhibited the expression 
of NF-κB P105 protein in the lung tissues of influenza 
virus-infected mice, suggesting that chlorogenic acid 
may exert its anti-influenza virus effect by inhibit-
ing the NF-κB signaling pathway. In this experiment, 
transcriptome-based sequencing of DPV-infected DEF 
after chlorogenic acid action revealed that differentially 
expressed genes were mainly present 36 h after chloro-
genic acid action, and a large number of related path-
way genes were up-regulated or down-regulated at this 
time. The invasion of DEF by DPV led to the activation 
of TLR4, which triggered the downstream NF-κB sign-
aling pathway, regulating the production of cytokines 
and the expression of many inflammatory genes. 
expression. Transcriptome sequencing results showed 
that TLR4 expression was suppressed in DPV-infected 
DEF after exposure to chlorogenic acid. Thus, chloro-
genic acid impairs inflammation-mediated signaling to 
downstream signaling pathways. NFKBIA, an upstream 
regulator of NF-κB activity, inhibits NF-κB activation 
by binding to NF-κB in the cytoplasm and inhibiting its 
translocation to the nucleus [38]. Normally, the NF-κB 
complex exists in the cytoplasm in an inactive form 
through the inhibitor IκB protein, which is phospho-
rylated and degraded by the action of the IκB kinase 
(IKK) complex (e.g., IKKα, IKKβ) upon cellular stimu-
lation; with the degradation of the IκB protein, NF-κB 
is released for translocation to the nucleus and acti-
vates the transcription of a large number of genes [39]. 
In this study, we found that the activities of TOLL-like 
receptor pathway and NF-κB signaling pathway were 
inhibited after chlorogenic acid acted on DPV-infected 
DEF, which may be attributed to the fact that chloro-
genic acid inhibited DPV-induced phosphorylation of 
NF-κB P65 protein with its inhibitor IkBα by down-reg-
ulating DPV-induced cyclo-oxygenase 2 (COX-2) and 

TLR4 expression and up-regulated NFKBIA expres-
sion, thereby inhibiting DPV proliferation in DEF with 
NF-κB signaling pathway-mediated inflammation dam-
aging DEF. The same regulatory mechanism was found 
in the TNF signaling pathway, suggesting that the effect 
of chlorogenic acid on DPV is closely related to NF-κB. 
This is consistent with the findings of many scholars.

The spleen, thymus and bursa, as important com-
ponents of the avian lymphatic system, are important 
lymphoid organs for generating an immune response 
after pathogen invasion into the organism [40, 41]. The 
lymphatic system mainly consists of T cells and B cells, 
T cells differentiate and mature in the thymus to partic-
ipate in the cellular immune response, and B cells in the 
bursa of Fasciola to participate in the humoral immune 
response, in the spleen, T cells account for 35–50%, 
and B cells account for 50–60%, and these two types of 
cells play a key role in the resistance to the invasion of 
the virus [42]. Studies have shown that DEV-infected 
ducklings show different degrees of damage to tissues 
and organs, manifested by irreversible pathological 
changes such as rupture of the endothelium of the wall 
tubes, reduction of lymphocytes in the central organs, 
and obvious cellular degeneration in various organs 
[43]. In this study, we focused on the histopathologi-
cal changes and viral load of lymphoid organs after 
experimental infection of ducks with DPV-GZ strain. 
The most obvious and consistent gross lesions observed 
in these lymphoid organs were hemorrhage, conges-
tion, tissue disintegration, inflammatory cell infiltra-
tion, nuclear consolidation and nuclear fragmentation, 
etc. The above histopathological lesions were reduced 
to different degrees after intervention with chlorogenic 
acid, and the results of qPCR assay showed that chlo-
rogenic acid could inhibit the proliferation of DPV in 
the lymphoid organs of ducklings. The results of qPCR 
also showed that chlorogenic acid could inhibit the 
proliferation of DPV in the lymphoid organs of duck-
lings, which indicated that chlorogenic acid could help 
ducklings to resist the attack of DPV on the lymphoid 
organs and alleviate the damage caused by DPV on the 
lymphoid organs of ducklings.

In this experiment, transcriptome sequencing 
revealed that DPV infection of DEF mainly caused 
down-regulation of differential genes, and mainly 
caused up-regulation of differential genes under the 
intervention of chlorogenic acid, suggesting that DPV 
may regulate and inhibit the expression of relevant 
genes when infecting cells in order to facilitate its own 
proliferation within the host cells, whereas chlorogenic 
acid inhibits this effect by up-regulating the expression 
of relevant genes, thus affecting the proliferation of 
DPV in the organism.
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Conclusion
The NF-κB signaling pathway plays an important role 
in DEV infection with DEF. KEGG enrichment analy-
sis showed that differentially expressed genes are highly 
enriched in the NF-κB signaling pathway. When NF-κB1 
gene is silenced, the copy number of DEV decreases, indi-
cating that chlorogenic acid can inhibit viral replication 
by regulating the NF-κB signaling pathway. Thus exert the 
antiviral effect. In addition, chlorogenic acid in  vivo can 
also reduce the load of DEV in ducks and alleviate the dam-
age of duck lymphatic organs. This study provides a theo-
retical basis for screening anti-Dev targeted drugs.
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