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Flavonoids from Polygonum
hydropiper L. requlate PCV2-
induced oxidative stress of
RAW264.7 cells via Pi3k/AKT and
Nrf2/HO-1 signaling pathways

Qi Chen?, Qivhua Wang?, Yi Zhao?, Xiaodong Xiel, HeYu Feng?, Yingyi Wei!, Meiling Yu?,
Xianhui Pan®2*1 & Tingjun Hu®

Flavonoid n-butanol (FNB) possess diverse pharmacological properties. This study aimed to explore
the mechanism of FNB in regulating oxidative response in PCV2-infected RAW264.7 cells. PCV2-
infected macrophages were treated with FNB, and oxidative stress markers, antioxidant enzyme
activities, as well as related gene and protein expression were assessed to evaluate FNB’s regulatory
effects. Specifically, the level of Nitric Oxide (NO), Total antioxidant capacity (T-AOC), anti-hydroxyl
radical capacity, anti-superoxide anion capacity, L-Glutathione (GSH) level, Super Oxide Dismutase
(SOD) and Catalase (CAT) were detected. The expression of key oxidative stress-related and signaling
pathway genes and proteins was determined by qPCR and western blotting, respectively. The results
indicated that FNB reduced intracellular ROS, increased SOD and CAT activities, improved antioxidant
capacity, upregulated the mRNA expression levels of HO-1, NQO1, Nrf2, Pi3kca, SOD, and HDACI,
downregulated AKT, Keap1, and HAT1, enhanced HDAC1 activity, and inhibited HAT activity. In
conclusion, FNB protects against PCV2-induced oxidative damage by activating the PI3K/AKT pathway
and inhibiting Keap1, which collectively enhance the Nrf2/HO-1 antioxidant response.
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Porcine circovirus is a single-stranded cyclic DNA virus with an icosahedral capsid structure and is the smallest
animal virus!. To date, only four serotypes have been identified: PCV1, PCV2, PCV3, and PCV42, Notably,
PCV2 is a common cause of multi-system failure syndrome (PMWS) in weaned piglets worldwide®, causing
huge losses to the pig breeding industry. The pathogenesis of PCV2 may be related to the attack on the body’s
immune system. PCV2 infection significantly increases the number of macrophages/monocytes in lymphoid
tissues in piglets while decreasing the number of immune cells (B cells and T cells), leading to significant lesions
in lymphoid tissues and internal organs. Xue* found that inhibiting NFkB activation can reduce the replication
efficiency of PCV2 in the host. PCV2 can inhibit apoptosis, increase the survival of infected cells, and promote
viral replication by activating the Pi3k/AKT pathway.

An imbalance between the production of free radicals or reactive metabolites, such as ROS, and reactive
nitrogen species (RNS) leads to oxidative stress®. Viral infection is closely related to oxidative stress, which
occurs through various mechanisms, such as by promoting the production of intracellular pro-oxidants and
inhibiting the synthesis of antioxidant enzymes, disrupting the balance between oxidative and antioxidant states
in cells. Cells can exert some antiviral ability during a viral attack by producing oxidative stress. For instance,
Khan® revealed that lung epithelial cells can inhibit the replication of the respiratory syncytial virus (RSV)
by increasing intracellular Zn?* levels through oxidative stress. Additionally, oxidative stress generates large
amounts of lipid peroxides and free radicals, exacerbating the level of oxidative stress in the body. However,
excessive oxidative stress in the body can exacerbate viral attacks on the body’. For instance, enterovirus 71
(EV71) can induce high mitochondrial production of ROS, leading to the intracellular replication of the EV71
virus®. Besides, Nrf2 regulates oxidative stress and is one of the strongest known antioxidant stress pathways’.
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Nrf2/HO-1 pathway can exert anti-oxidative stress effects through various pathways, including antioxidant, anti-
inflammatory, and reduction of mitochondrial damage. Karna'® showed that MOTILIPERM extract can activate
Nrf2/HO-1 signaling pathway in SD rat testes, thus alleviating oxidative stress damage and improving testicular
dysfunction caused by immobilization stress in SD rats. Meanwhile, the Nrf2/HO-1 signaling pathway can exert
certain antiviral efficacy, affecting virus replication in cells by alleviating oxidative stress damage induced by
viral infection'!. ROS are intracellular oxygen-containing chemically reactive chemicals, including superoxide
anion, hydroxyl radicals, and hydrogen peroxide. Various viruses can increase ROS levels in infected host cells.
RNS are intracellular nitrogen-containing chemically reactive chemicals, including nitric oxide, peroxynitrite,
and nitrogen dioxide. Elevated levels of ROS and RNS lead to oxidative stress and cellular damage. Many studies
have shown that PCV2 induces a large accumulation of intracellular ROS'?. Interestingly, a previous research
found that PCV2 infection in 3D4/2 cells can induce the production of a large amount of ROS, activating the
NF-kB and p38/MAPK signaling pathways, thus inhibiting the activation of the antioxidant element Nrf2 to
induce oxidative stress®®.

The Polygonum Indicum is derived from the whole grass of Polygonum flaccid Meism and Polygonum hydropiper
L. The grasses have three main active ingredients, including flavonoid components, volatile components, and
tannins'®. Flavonoids are the main metabolites of Polygonum hydropiper L, including flavones, isoflavones, and
flavonoid glycosides. Tao!” identified the components of FNB, including rutin, quercitrin, and quercetin, via
high-performance liquid chromatography high chromatography. Plant flavonoids have powerful antioxidant
effects compared with Vitamin C (VC). Zhang discovered that the flavonoids in Paeonia lactiflora can effectively
scavenge many free radicals, including O*~, OH", 1,1-Diphenyl-2-picrylhydrazyl Free Radical (DPPH) and 2,
2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)'®. Lapshina'® showed that Cranberry flavonoids
can effectively scavenge NO, O?~ and OH™ in vitro. The flavonoids in organisms can also enhance the antioxidant
capacity by activating the expression of antioxidant enzyme genes and elevating the activity of antioxidant
enzymes in the body, except for directly scavenging free radicals. Olayinka®® found that quercetin can elevate the
activity of CAT, SOD, and glutathione S-transferase (GST) in the liver of mice, thus alleviating pro-Carbarazine-
induced oxidative damage. In addition, flavonoids can exert antioxidant effects by affecting Keap1-Nrf2 binding
and promoting the nucleation of Nrf2?!. The Pi3k/AKT pathway is closely related to oxidative stress and plays an
important role in scavenging intracellular ROS?2. High ROS levels can decrease Pi3k and AKT phosphorylation
levels. Antioxidants can scavenge excess ROS by affecting the intracellular Pi3k/AKT signaling pathway in cells.
Dong et al.? found that honeysuckle flavonoids can reduce oxidative stress damage induced by the hydrogen
peroxide in human umbilical vein endothelial cells (HUVEC) through the Pi3k/Akt/eNOS signaling pathway,
indicating that flavonoids can activate this signaling pathway. In addition, previous studies have shown that
flavonoids also possess certain antiviral effects. For example, flavones and isoflavones can reduce the activity
of avian myeloblastosis virus (AMV) reverse transcriptase®* Flavonoid compounds such as baicalin, quercetin,
and kaempferol can inhibit viral adsorption to cells and exhibit good antiviral efficacy in the early stages of viral
infection, a function that may be achieved by flavonoids altering cell membrane fluidity*®. Quercetin (QUE)
can downregulate cellular histone acetylation levels while simultaneously inhibiting the NF-kB inflammatory
signaling pathway and activating the Nrf2/HO-1 antioxidant signaling pathway, thus modulating the production
of inflammatory and antioxidant factors, exerting anti-inflammatory and antioxidant effects, and thereby
regulating PCV2-induced oxidative stress!>. RAW264.7 cells are a murine macrophage-like cell line that has
been widely used in studies of immune responses and viral infections, owing to well-established experimental
methods and abundant comparable data. They exhibit typical macrophage functions, closely mimic key aspects
of the natural immune response in vivo, are sensitive to viral infection, and are capable of recreating immune
responses observed during pathogen invasion in the body. In addition, Chen showed that PCV2 was able to
infect RAW264.7 cells?. This study aimed to investigate the molecular mechanism of oxidative stress induced by
PCV2 infection in immune cells and explore the protective effect of FNB against PCV2 infection. Therefore, the
findings may provide a new idea for the prevention and treatment of PCV2-infected diseases.

Results

Determination of safe FNB concentration on RAW264.7 cells

To investigate the potential inhibitory effect of FNB against PCV2, this study aimed to screen its safe and
effective concentration range. Given that macrophages are key target cells for PCV2 during natural infection,
the murine macrophage cell line RAW264.7 was selected as the in vitro model for this research. Firstly, the safe
concentrations of FNB were determined via a cytotoxicity assay. The results revealed that high concentrations
of FNB (= 150 ug/mL) significantly inhibited cell viability, whereas concentrations of 25, 50, and 75 pg/mL were
non-toxic and were therefore selected as the working concentrations for subsequent experiments (Fig. 1A). The
protective effects of these three concentrations were evaluated in a PCV2 infection model. The data showed
that PCV2 infection markedly reduced the viability of RAW264.7 cells. However, pretreatment with all three
selected concentrations of FNB significantly reversed this virus-induced cellular damage (p<0.01) (Fig. 1B).
In summary, FNB, at non-cytotoxic concentrations, exhibits significant in vitro protective activity against
macrophage damage induced by PCV2 infection. This suggests that FNB holds potential and warrants further
investigation for the prevention and treatment of PCV2-associated diseases.

DPPH radical scavenging activity of FNB

The in vitro antioxidant activity of FNB was evaluated using the DPPH radical scavenging assay. As shown in
Fig. 2, the scavenging rate of FNB on DPPH radicals increased significantly with concentration in the range of
25-75 pg/mL, exhibiting a clear concentration-dependent manner. Although the scavenging activity of FNB was
lower than that of the positive control, Vitamin C (Vc), this result indicates that FNB possesses direct antioxidant
capacity.
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Fig. 1. The viability of RAW264.7 cells (%, n=6). Notes: 300 pg/mL: 300 ug/mL FNB; 200 ug/mL: 200 pug/mL
FNB;150 pg/mL: 150 pg/mL FNB;100 pg/mL: 100 pg/mL ENB;75 pg/mL: 75 pg/mL FNB;50 pg/mL: 50 pg/mL
FNB;25 ug/mL: 25 ug/mL FNB; Control: Control group. PCV2: PCV2 infection group. **p <0.01, *p <0.05.
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Fig. 2. DPPH Radical Scavenging Activity of FNB (%, n=6). Notes: 75 ug/mL: 75 ug/mL FNB;50 pg/mL:
50 pug/mL FNB;25 pg/mL: 25 pg/mL FNB; Control: Control group. Vc: VC positive control group. **p <0.01.

FNB effect on oxidative stress in PCV2-infected RAW264.7 cells
To investigate whether FNB exerts its antiviral activity by modulating cellular oxidative stress, this study
measured the intracellular levels of key oxidative stress molecules, namely reactive oxygen species (ROS) and
nitric oxide (NO). The results, as depicted in Fig. 3A, B, showed that PCV2 infection significantly upregulated
the production of ROS and NO in RAW264.7 cells after 24 h compared to the control group (p <0.05 or p <0.01).
In contrast, treatment with FNB (25, 50, and 75 pg/mL) or the positive control Vc significantly suppressed
the elevated levels of ROS and NO in PCV2-infected cells (p <0.01). These findings demonstrate that FNB can
effectively alleviate oxidative stress by reducing the intracellular levels of ROS and NO induced by viral infection.
To further evaluate the effect of FNB on the overall cellular antioxidant status, this study measured the Total
Antioxidant Capacity (T-AOC), as well as the scavenging capacities for superoxide anions and hydroxyl radicals.
These parameters collectively reflect the comprehensive defense level of the non-enzymatic antioxidant system.
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Fig. 3. The effects of FNB on oxidative stress in PCV2-infected RAW264.7 cells. Notes: (A) The content of
ROS. (B) The content of NO. (C) The content of T-AOC. (D) The intracellular anti-hydroxyl radical activities.
(E) The anti-superoxide anion activities. (F) The content of T-SOD. (G) The content of Zn-SOD. (H) The
content of Mn-SOD. (I) The content of CAT. (J) The content of GSH. (K) The content of GSSG. (L) The content
of GSH/GSSG. 75 pug/mL: 75 ug/mL FNB;50 pg/mL: 50 pg/mL FNB; 25 pg/mL: 25 pug/mL FNB; VC: VC
control group; PCV2: PCV?2 infection group; DMSO: RPMII-1640 with 0.05% DMSO; Control: Control group.
*p<0.01;*p<0.05.

As shown in Fig. 3C-E, PCV2 infection significantly diminished the T-AOC, superoxide anion scavenging
capacity, and hydroxyl radical scavenging capacity of RAW264.7 cells (p <0.01). Conversely, treatment with FNB
at 25, 50, and 75 pg/mL significantly elevated the T-AOC in infected cells (p <0.05 or p<0.01). Furthermore,
25 pg/mL of FNB also significantly enhanced the scavenging efficacy for superoxide anions (p<0.05) and
hydroxyl radicals (p<0.01). Similar results were observed for the positive control (V,), whereas the vehicle
control (DMSO) exerted no significant effect (p>0.05). Taken together, these data indicate that FNB counteracts
viral-induced oxidative damage by bolstering the cell’s non-specific total antioxidant capacity, particularly its
efficacy in scavenging key free radicals.

To assess the effect of FNB on the endogenous enzymatic antioxidant system, this study measured the
activities of key antioxidant enzymes: superoxide dismutase (SOD) and catalase (CAT). Specifically, the analysis
of SOD isoforms—cytosolic Cu-ZnSOD and mitochondrial MnSOD—allows for a more precise localization
of FNB’s protective effects. As illustrated in Fig. 3F-L, PCV2 infection significantly inhibited the activities of
total SOD, Cu-ZnSOD, MnSOD, and CAT in RAW264.7 cells (p <0.01). However, pretreatment with FNB at
50 and 75 pug/mL significantly restored the activities of these suppressed enzymes (p <0.01), while the vehicle
control (DMSO) did not exert a significant effect (p>0.05). These findings indicate that FNB strengthens the

Scientific Reports|  (2025) 15:29112 | https://doi.org/10.1038/541598-025-14362-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

cellular enzymatic antioxidant defense system, particularly by boosting the activities of SOD and CAT in both
the cytosol and mitochondria, thereby counteracting the oxidative stress induced by viral infection.

Glutathione (GSH) is the principal non-enzymatic antioxidant within cells. The ratio of its reduced form
(GSH) to its oxidized form (glutathione disulfide, GSSG). The GSH/GSSG ratio, is a critical determinant of the
cellular redox state and the degree of oxidative stress. The results revealed that PCV2 infection led to a significant
depletion of intracellular GSH content (p<0.01) and severely disrupted the GSH/GSSG ratio (p<0.01) in
RAW264.7 cells, indicating a severe redox imbalance (Fig. 3E-G). In comparison, FNB (25-75 pg/mL), as well as
the positive control V,, significantly increased GSH content (p <0.01). Furthermore, FNB treatment (25-75 pg/
mL) also reduced GSSG levels (p <0.05 or p<0.01). Crucially, both FNB and V. treatments significantly restored
the GSH/GSSG ratio (p<0.01 or p<0.05), whereas the DMSO control had no significant impact. Collectively,
these data provide strong evidence that FNB replenishes the cellular GSH pool, likely by promoting GSH
generation and facilitating GSSG recycling, thereby restoring the critical GSH/GSSG balance and maintaining
cellular redox homeostasis.

In summary, PCV2 infection induced significant oxidative stress in RAW264.7 cells. This was characterized
by a sharp increase in the levels of reactive oxygen species (ROS) and nitric oxide (NO), alongside a significant
decrease in total antioxidant capacity (T-AOC), the activities of key antioxidant enzymes (such as SOD and
CAT), and the levels of the core non-enzymatic antioxidant GSH, including the critical GSH/GSSG ratio. These
results indicate that the endogenous antioxidant defense system was severely compromised. However, treatment
with FNB effectively reversed these PCV2-induced pathological changes. FNB not only significantly reduced the
levels of ROS and NO but also restored T-AOC and the activities of SOD and CAT, replenished GSH content,
and re-established GSH/GSSG homeostasis. Collectively, these findings demonstrate that FNB exerts its potent
protective effects via a dual mechanism 1: by directly or indirectly scavenging excessive reactive species, and 2
by repairing and bolstering the cell’s endogenous enzymatic and non-enzymatic antioxidant defense systems,
thereby effectively alleviating PCV2-induced oxidative damage.

Effect of FNB on mRNA expression of oxidative stress-related genes in PCV2-infected
RAW?264.7 cells

To elucidate the molecular mechanism by which FNB enhances cellular antioxidant capacity, we evaluated
key signaling pathways at the transcriptional level. The results showed that PCV2 infection significantly
suppressed the endogenous antioxidant defense system (Fig. 4A-H). Specifically, PCV2 led to a significant
downregulation in the mRNA expression levels of key genes in the PI3K/Nrf2 signaling axis (Pi3kca, Nrf2) and
their downstream antioxidant target genes (SOD, NQO-1) (p <0.05 or p <0.01). Concurrently, the transcription
of the pro-oxidant gene iNOS and the signaling molecule Akt was significantly upregulated (p <0.05 or p<0.01),
collectively revealing a strategy by which PCV2 compromises cellular antioxidant defenses at the genetic level.
Conversely, FNB treatment (25-75 ug/mL) effectively counteracted the suppressive effects of PCV2. FNB not
only significantly upregulated the mRNA expression of Pi3kca, Nrf2, and their downstream antioxidant genes
(SOD, NQO-1, HO-1) (p<0.05 or p<0.01), but also concurrently inhibited the overexpression of iNOS and Akt
(p<0.01). These data suggest that the core antioxidant mechanism of FNB lies in its ability to effectively activate
the PI3K/Akt/Nrf2 signaling pathway. By upregulating the gene transcription of key nodes in this pathway, FNB
systematically enhances the expression of the endogenous antioxidant gene cluster, thereby reconstructing the
cellular antioxidant defense system to combat PCV2-induced oxidative damage.

Effect of FNB on histone acetylation in PCV2-infected RAW264.7 cells

To investigate whether the regulation of gene expression by FNB involves epigenetic mechanisms, we further
assessed its impact on histone acetylation. Our findings indicate that PCV2 infection significantly disrupted
histone acetylation homeostasis in RAW264.7 cells (Fig. 5). Although PCV2 concurrently upregulated the
activities of both histone acetyltransferases (HATs) and histone deacetylases (HDACIs), as well as the expression
of their related genes (HAT1, HDAC1) (p <0.01), the net effect was a significant increase in the acetylation levels
of key histones H3 and H4 (p <0.01). This suggests that PCV2 induces a state of “histone hyperacetylation’, likely
to maintain an open chromatin conformation, thereby facilitating the transcription of viral genes and host pro-
inflammatory genes like iNOS. However, FNB treatment demonstrated potent epigenetic remodeling capabilities.
By significantly inhibiting HAT activity and HAT1 gene expression (p <0.01) while simultaneously enhancing
HDACI1 activity, FNB synergistically and robustly reversed the PCV2-induced histone hyperacetylation, leading
to a significant decrease in the acetylation levels of both H3 and H4 (p <0.01). These results reveal for the first
time that FNB acts not only as an antioxidant but also as a potent epigenetic modulator. By remodeling the
cellular acetylating enzyme system, FNB promotes a transcriptionally repressive chromatin state, which may
represent a key upstream mechanism underlying its inhibition of viral replication and inflammation.

Effect of FNB on Pi3k/AKT signaling pathway and Nrf2/HO-1 signaling pathway

To confirm whether FNB activation of Nrf2 directly depends on the upstream PI3K/Akt signaling pathway, the
specific PI3K inhibitor LY294002 has no toxic effect on RAW264.7 cells and can be used in experiments (Fig. 6
A).Western Blot analysis revealed that FNB treatment significantly upregulated the expression of Nrf2 and its
target protein HO-1, while concurrently promoting PI3K protein expression and Akt phosphorylation (p <0.05)
(Fig. 6B-H). This indicates that FNB can activate the PI3K/Akt/Nrf2 signaling axis. Critically, when cells were
pretreated with LY294002 to specifically block the PI3K/Akt pathway, the FNB-induced phosphorylation of Akt
was completely inhibited. More importantly, under this condition, the ability of FNB to activate Nrf2 and HO-1
protein expression was also completely abolished (p>0.05). This result provides compelling evidence that the
PI3K/Akt pathway plays an indispensable upstream regulatory role in the FNB-mediated activation of Nrf2.
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Fig. 4. The mRNA expression level of oxidative stress-related genes. Notes: (A) The mRNA expression level
of NQOL. (B) The mRNA expression level of SOD. (C) The mRNA expression level of iNOS. (D) The mRNA
expression level of HO-1. (E) The mRNA expression level of Keapl. (F) The mRNA expression level of Nrf2.
(G) The mRNA expression level of Pi3kca. (H) The mRNA expression level of AKT. 75 pug/mL: 75 pug/mL
FNB;50 pg/mL: 50 ug/mL FNB; 25 pug/mL: 25 ug/mL FNB; VC: VC control group; PCV2: PCV2 infection
group; DMSO: RPMII-1640 with 0.05% DMSO; Control: Control group. **p <0.01; *p <0.05.

Therefore, we conclude that FNB exerts its cytoprotective effects by activating the PI3K/Akt signal cascade,
which in turn promotes the activation of the downstream Nrf2/HO-1 pathway.

Effect of FNB on protein expression of Pi3k/AKT and Nrf2/HO-1-related pathways in PCV2-
infected RAW264.7 cells

Building on our previous finding that FNB activates Nrf2 via the PI3K/Akt pathway, this study aimed to
validate this mechanism in the context of PCV2 infection. We found that while PCV2 infection itself did not
significantly alter the activity of the PI3K/Akt pathway (p>0.05), it suppressed the expression of Nrf2 and its
downstream target HO-1 by significantly upregulating the Nrf2 negative regulator, Keapl (p<0.05) (Fig. 7E-
H). This reveals a key strategy employed by PCV2 to inhibit the host cell’s antioxidant capacity. Against this
backdrop, FNB treatment exhibited a potent protective effect. On one hand, FNB effectively reversed the PCV2-
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Fig. 5. The effect of FNB on histone acetylation in PCV2-infected RAW264.7 cells. Notes: (A) The enzyme
activity of HAT. (B) The enzyme activity of HDAC1. (C) The mRNA expression level of HAT1. (D) The mRNA
expression level of HDACI. (E-G) The expression level of AcH3 and AcH4. 75 ug/mL: 75 ug/mL FNB;50 ug/
mL: 50 pg/mL FNB; 25 pug/mL: 25 ug/mL FNB; VC: VC control group; PCV2: PCV2 infection group; DMSO:
RPMII-1640 with 0.05% DMSO; Control: Control group. **p <0.01; *p <0.05.

induced overexpression of Keapl (p<0.05). On the other hand, it independently and significantly activated
the upstream PI3K/Akt signaling pathway, as evidenced by the marked upregulation of both Pi3k-p85 and Akt
phosphorylation (p <0.01) (Fig. 7A-D). It is through this dual mechanism—inhibiting Keap1 while activating
PI3K/Akt—that FNB synergistically rescued Nrf2 from the viral suppressive effect, ultimately restoring the
activity of the Nrf2/HO-1 antioxidant pathway. Therefore, this study confirms that FNB employs a sophisticated
dual-track strategy to efficiently activate the Nrf2 pathway in a viral infection model, thereby rebuilding the
cellular antioxidant defense line.

Discussion

PCV2 is associated with the multi-system failure syndrome in weaned piglets, seriously affecting the economic
efficiency of the pig breeding industry. The continuous PCV2 mutation limits conventional vaccine immunization,
necessitating a new, safe, and effective method for PCV2 treatment. Polygonum officinale, a traditional herb
in China, has anti-inflammatory, anti-oxidative, and immunity-enhancing biological activities. Several studies
have shown that PCV2 particles can be detected in lymphoid tissues and immune cells of morbid pigs or dead
pigs, suggesting that the pathogenesis of PCV?2 is related to the virus attacking the immune system.

Scientific Reports |

(2025) 15:29112 | https://doi.org/10.1038/541598-025-14362-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A B
= 150
g B 50 uM
2z B 40 pM E L: LAY
T 0@ 30 M P Pt
5 & 20 pM 3 ek
£ 0 15uM @
ERE 0= 10uM z
2 0O suM
g 0 3 Control
CNPC N N N N S
‘;\\\\v@‘?v"?\?w@\?'\g\s‘\%\;‘ “:\;@Q\\\
C D
- O 50 pgml+LY
| £ 3 50 pg/ml.
NFf2 . = 97KDa i B Conl
HO-1 o —— — 28 KDa g
LY (50 pM) + o+ - -
FNB (ng/mL) - 50 50 -
E F
LY
O 50 pg/mL+LY
P ] s0KDa B
. & @@ Control
B-actin - — —— | 43 KDa [+
-
L
LYSOpM)  + + - —
FNB (pg/mL) - 50 50 -
G H

LY

O 50 pg/mL+LY
O 50 pug/mL
@@ Control

LYSOpM) + o+ - -

p-P85/B-uctin

FNB(ugmL) - 50 50 -

Fig. 6. Effect of FNB on Pi3k/AKT signaling pathway and Nrf2/HO-1 signaling pathway. Notes: (A) The effect
of LY294002 on the activity of RAW264.7 cells. (B-D) The protein expression level of Nrf2 and HO-1. (E, F)
The protein expression level of p-AKT. (G, H) The protein expression level of p-P85. LY:50 uM LY294002;
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on the shoulder indicates that the difference between groups is not significant (p >0.05), and different letters on
the shoulder indicate that the difference between groups is significant (p <0.05).

Various viruses can increase ROS levels in infected host cells. RNS are intracellular nitrogen-containing
chemicals and mainly include nitric oxide, peroxynitrite, and nitrogen dioxide. Increased ROS and RNS cause
oxidative stress, which can damage cells. Besides, the hepatitis B virus (HBV) can decrease intracellular Cu/Zn-
SOD and GPx, causing cellular lipid peroxidation and DNA damage®’. In this study, PCV2 infection decreased
the anti-hydroxyl radical and superoxide anion capacity of RAW264.7 cells and increased ROS content and NO
in RAW264.7 cells, suggesting that PCV2 infection can lead to oxidative stress in RAW264.7 cells. Additionally,
flavonoids have anti-oxidative effects and can alleviate the effect of oxidative stress caused by viral infection.
Raju®® found that influenza virus infection can significantly increase the level of lipid peroxidation in mice, while
quercetin can significantly decrease the level of lipid peroxidation in mice. Herein, FNB significantly reduced
the production of ROS and NO in PCV2-infected RAW264.7 cells and improved resistance to hydroxyl radicals,
superoxide anions, and anti-oxidative capacity, indicating that FNB has a modulating effect on PCV2-induced
oxidative stress.

In this study, the DPPH radical scavenging assay confirmed that FNB possesses direct, concentration-
dependent antioxidant activity in vitro. This intrinsic capacity to directly neutralize free radicals serves as a
crucial foundation for its cytoprotective effects. Under pathological conditions such as viral infection, cells
generate an excess of reactive oxygen species (ROS), leading to oxidative stress. This stress primarily depletes
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Fig. 7. The effect of FNB on expression levels of proteins associated with Pi3k/AKT and Nrf2/HO-1 pathways
in PCV2-infected RAW264.7 cells. Notes: (A, B) The protein expression level of p-AKT. (C, D) The protein
expression level of p-P85. (E-H) The protein expression level of NNrf2, Keap1, and HO-1. 75 ug/mL: 75 ug/
mL FNB;50 pg/mL: 50 ug/mL FNB; 25 pg/mL: 25 pg/mL FNB; VC: VC control group; PCV2: PCV2 infection
group; DMSO: RPMII-1640 with 0.05% DMSO; Control: Control group. **p <0.01; *p <0.05.

the cell’s major non-enzymatic antioxidant, reduced glutathione (GSH), by converting it to its oxidized form
(GSSG). Consequently, this results in a decrease in total GSH levels and an imbalance in the critical GSH/GSSG
ratio?®*?, thereby disrupting the cellular reducing microenvironment. We postulate that FNB, as an exogenous
antioxidant, can directly scavenge a portion of the intracellular ROS. By doing so, FNB likely alleviates the
burden on the endogenous antioxidant system, effectively sparing GSH from depletion. This protective action
would help maintain or even restore the intracellular pool of GSH and its dynamic equilibrium with GSSG,
thus stabilizing the GSH/GSSG ratio. Furthermore, the endogenous antioxidant enzyme system—comprising
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx)—constitutes the primary line
of defense against oxidative damage. Persistent ROS attack can not only inhibit the activity of these enzymes
but also downregulate their gene expression. Given that FNB can preemptively neutralize ROS, it can effectively
lower the substrate load faced by these enzymes. This indirect protection may prevent the inactivation or
downregulation of these antioxidant enzymes, thereby potentially promoting the restoration of their protein
expression and activity. In conclusion, the direct radical scavenging ability of FNB demonstrated in the DPPH
assay is likely the fundamental mechanism underlying its capacity to restore intracellular GSH homeostasis and
enhance the expression of antioxidant enzymes. These two effects are complementary and synergistically bolster
the cell’s overall resilience against oxidative stress.

Scientific Reports |

(2025) 15:29112

| https://doi.org/10.1038/s41598-025-14362-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SOD is an important anti-oxidative enzyme in mammals, and it can be divided into two types: Cu-ZnSOD
and MnSOD. Cu-ZnSOD and MnSOD can scavenge ROS and prevent cell damage caused by ROS accumulation.
Besides, SOD has a therapeutic effect on viral infections. Hydrogen peroxide is a metabolic waste produced
by the oxidative reactions. Also, excessive accumulation of hydrogen peroxide can further increase cellular
oxidative stress and cause irreversible damage to cells. CAT can break down hydrogen peroxide, reducing
intracellular hydrogen peroxide levels and maintaining intracellular redox homeostasis. Zhang?! found that
lemon seed flavonoids can increase the activities of total SOD and CAT in mice and increase the gene expression
levels of intracellular Cu-ZnSOD and MnSOD. Herein, PCV2 infection decreased the activities of intracellular
anti-oxidative enzymes, while FNB significantly increased SOD and CAT activities, indicating that FNB induces
anti-oxidative effects by increasing the activities of intracellular anti-oxidative enzymes. The overexpression of
iNOS genes causes irreversible damage to proteins and nucleic acids in cells*2. Therefore, inhibiting the mRNA
expression of iNOS and reducing the level of intracellular RNS can attenuate oxidative damage in cells. In this
study, FNB significantly decreased the over-expression of intracellular iNOS caused by PCV2 infection and
reduced the production of intracellular RNS, avoiding further oxidative damage in RAW264.7 cells.

The Nrf2-mediated signaling pathway is one of the most important anti-oxidative stress pathways®. Studies
have found that viruses can affect Nrf2 and cause oxidative stress by breaking down the intracellular redox
system. Respiratory syncytial virus infection in vitro and in vivo causes oxidative damage by reducing Nrf2-
dependent gene transcription of antioxidant enzymes®. In this study, PCV2 decreased the mRNA expression
of Nrf2, resulting in an imbalance of the cell redox state. Therefore, increasing mRNA expression of Nrf2 and
anti-oxidative stress capacity of cells can prevent cell damage caused by viral attacks. Xiao found that Eucommia
ulmoides Flavones can increase mRNA expression of Nrf2 in porcine jejunal epithelial cells. Moreover, anti-
oxidative enzymes, such as HO-1, NQO-1, and SOD, are downstream genes of Nrf235. Herein, FNB treatment
significantly increased the mRNA expression of Nrf2, which was decreased by PCV2 infection. Also, FNB
increased the mRNA expression levels of HO-1, NQO-1, and SOD, suggesting that FNB exerts anti-oxidative
effects by affecting Nrf2-related signaling pathways.

The regulation of histone acetylation is a critical epigenetic mechanism for controlling the expression of
genes involved in redox homeostasis. This process is dynamically balanced by the opposing activities of
histone acetyltransferases (HATs), which add acetyl groups to promote transcriptional activation, and histone
deacetylases (HDACs), which remove them to induce gene silencing. Crucially, cellular oxidative stress can
disrupt this balance by altering the activity and expression of these enzymes, creating a complex feedback loop
that influences cell fate®’. In this study, we observed that PCV2 infection led to a state of histone hyperacetylation,
characterized by significantly increased acetylation levels of H3 and H4. This was associated with elevated
activity of both HATs and HDAC:s, suggesting a profound disruption of epigenetic regulation by the virus. We
posit that this hyperacetylation creates a permissive chromatin environment, facilitating the transcription of
not only viral genes but also host pro-inflammatory genes like iNOS, thereby exacerbating oxidative stress.
Significantly, treatment with FNB potently counteracted this phenomenon. FNB administration decreased HAT
activity while increasing HDAC activity, leading to a marked reduction in H3 and H4 acetylation. This reversal of
the hyperacetylated state demonstrates FNB’s strong epigenetic modulatory capacity. While this effect evidently
represses pro-viral and pro-inflammatory transcription by promoting a more condensed chromatin structure,
we propose it also directly contributes to the restoration of redox homeostasis. The deacetylation of histones
at the promoter regions of key antioxidant genes, such as Nrf2 within the Nrf2/HO-1 pathway could enhance
their transcriptional repression or activation®. The ability of FNB to modulate HATs/HDACs is reminiscent of
certain natural compounds, such as flavonoids and other polyphenols. For instance, the flavonoid quercetin has
been reported to inhibit HATs like p300/CBP?. These compounds leverage epigenetic modulation to exert their
antioxidant effects. Therefore, our finding that FNB regulates HAT/HDAC activity provides a novel mechanistic
insight into its protective role against PCV2. It suggests that FNB acts, at least in part, as an epigenetic regulator
to restore cellular redox balance, a function that warrants further investigation to map the specific histone
modifications at the promoters of antioxidant genes.

p85 is a regulatory subunit of Pi3k and its phosphorylation decreases Pi3k activity?’. Studies demonstrated
that the Pi3k/AKT signaling pathway regulates viral infection and plays a bidirectional role in viral infection. In
the pre-infection stage of the virus, the virus inhibits autophagy of the cells by stimulating Pi3k/AKT signaling
pathway to facilitate replication. Furthermore, protein phosphorylation can induce antiviral response and
phosphorylation of Pi3k/AKT can activate the host’s intrinsic immune genes to exert antiviral efficacy*!. In a
previous study, it was found that the porcine reproductive and respiratory syndrome virus (PRRSV) can infect
porcine monocyte-derived dendritic cells (Mo-DCs)*2. The Pi3k/AKT signaling pathway is activated within
the first 4 h after virus infection, after which it is decreased after 12 h of infection. Another study showed that
PCV2 infection of PK-15 cells transiently activated the phosphorylation of AKT, which reached a maximum
after 1 h of infection but returned to normal levels after 8-h of infection®. In this experiment, there was no
significant difference in Pi3k/AKT phosphorylation levels after PCV2 infection compared to the control
group, which was similar to the results of Wei et al.*’. Meng demonstrated that baicalin activated the Nrf2-
mediated HO-1 signaling pathway to suppress oxidative stress and inflammatory response**. In this study, PCV2
infection up-regulated the protein expression level of Keapl, Nrf2 accumulation in the cytoplasm. After FNB
treatment, the expression level of Keap1 was significantly decreased and this was accompanied by increased Nrf2
content, which prompted Nrf2 to active the expression of the downstream anti-oxidative gene HO-1. Further
analysis showed that the Pi3k/AKT pathway activated the Nrf2 pathway*. Therefore, activation of the Pi3k/
AKT signaling pathway may induce the anti-oxidative effects in an organism. Rajendran found that kaempferol
inhibited zearalenone-induced oxidative stress by up-regulating the expression of NQO-1 and HO-1 through
the Pi3k/AKT/Nrf2 signaling pathway*S. Several flavonoids can exert anti-oxidative effects by activating Pi3k/
AKT and Nrf2/HO-1 signaling pathways. For example, 7,8-dihydroxyflavone mitigated oxidative stress-induced
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cell damage in human keratinocytes through a mechanism involving the Nrf2/HO-1 and Pi3k/AKT signaling
pathways?”. In the present study, we found that FNB up-regulated the phosphorylation level of Pi3k/AKT and
protein expression levels of Nrf2 and HO-1 in RAW264.7 cells. Addition of the inhibitor LY294002 attenuated
the increase in Pi3k/AKT phosphorylation induced by FNB, and its capacity to up-regulate Nrf2/HO-1 protein
expression was also attenuated, suggesting that FNB may act through the Pi3k/AKT signaling pathway to activate
the Nrf2/HO-1 signaling pathway and exerting anti-oxidative effects.

Conclusion

Our findings reveal that FNB alleviates PCV2-induced oxidative stress via a dual mechanism: activating the
PI3K/AKT pathway and inhibiting Keapl, which collectively enhance the Nrf2/HO-1 antioxidant response.
Moreover, the modulation of histone acetylation by FNB highlights its pleiotropy as a pharmacological agent,
warranting further investigation into its intricate pharmacological network.

Materials and methods

Regents

The FNB was extracted by the pharmacology laboratory of the College of Animal Science and Technology at
Guangxi University, as described by Tao et al.'”. Fetal bovine serum (FBS) was sourced from VivaCell, (Shanghai,
China). RNAiso Plus and HiScript III-RT SuperMix were sourced from TaKaRa (Dalian, China) and Vazyme
(Nanjing, China), respectively. 2 x RealStar Green Fast Mixture and RPMI 1640 were obtained from Genstar
(Beijing, China) and Sangon Biotech (Shanghai, China), respectively. Ultra-sensitive ECL chemiluminescence
kit (P10300) and Elisa kit were obtained from New Saimei Biotechnology (Suzhou, China) and Jiubang
Biotechnology Co., Ltd (Fujian, China), respectively. The Pi3k inhibitor (LY294002) and dimethyl sulfoxide
DMSO were sourced from Solarbio (Beijing, China). Antibodies were sourced from CST (Mass, USA).
Cell Counting Kit-8, ROS Assay, and BCA Protein Concentration Assay Kit were obtained from Biyuntian
Biotechnology (Shanghai, China). CAT Visible Light Assay, Total Glutathione (T-GSH)/Oxidized Glutathione
(GSSG) Assay, Hydroxyl Radical Assay, superoxide dismutase (SOD), inhibition and generation of superoxide
anion radical assay and total antioxidant capacity (T-AOC) reagents were sourced from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China).

Cells and viruses

RAW264.7 cells were sourced from Procell Life Science & Technology Co., Ltd (Wuhan, China). PCV2 (SH
strain, GenBank NO: AY686763) was isolated from the Laboratory of Animal Disease Diagnosis and Immunity,
Nanjing Agricultural University, China. The virulence (0.7 pfu/PK-15) was detected after amplification by
PK-15 cells, then stored at—80 °C. The experimental method was permitted by the institutional animal ethics
committee (GXU2020-009).

Methods

Determination of cell activity by CCK-8 assay

Determination of safe concentration of FNB on RAW264.7 cells First, the RAW264.7 cells (3 x 10° cells/mL) were
incubated in 96-well plates (100 L per well) in 5% CO, at 37 °C for 24 h (Table 1). The supernatant was removed
and washed thrice with PBS. RPMI-1640 (containing 10% CCK8) was added and incubated at 37 °C for 1 h away
from light. Absorbance of each group was read at 450 nm. Cell activity was calculated as shown below:

Cell activity = (OD of test group — OD of the blank group) / (OD of cell control group — OD of the blank group) x 100%

Determination of safe concentration of Pi3k inhibitor (LY294002) RAW264.7 cells (3 x 10° cells/ml) were incubated
in 96-well plates (10 L per well) in 5% CO, at 37 °C for 24 h. LY294002 (50 uM, 40 uM, 30 uM, 25 uM, 15 pM,
10 UM, 5 uM and 0 (cell control group)) was then added, incubated in 5% CO, at 37 °C for 1 h. The supernatant
was removed, washed thrice with PBS, then incubated with RPMI-1640 for 24 h. The RPMI-1640 containing
10% CCK8 was added and incubated at 37 °C for 1 h. The absorbance values were read at 450 nm. Cell activity
was calculated as shown below:

Groups Treatments

300 ug/mL FNB | RPMI-1640 with 300 ug/mL FNB
200 pug/mL FNB | RPMI-1640 with 200 pug/mL FNB
150 ug/mL FNB | RPMI-1640 with 150 pg/mL FNB
100 pg/mL FNB | RPMI-1640 with 100 pg/mL FNB
75 ug/mL FNB | RPMI-1640 with 75 pg/mL FNB
50 ug/mL FNB | RPMI-1640 with 50 pg/mL FNB
25 ug/mL FNB | RPMI-1640 with 25 pg/mL FNB
Control RPMI-1640

Table 1. Experimental groups and safety concentration assay for the treatment of FNB on RAW264.7 cell.
FNB, Polygonum Officinale flavonoid n-butano.
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Cell activity = (OD of test group — OD of the blank group) / (OD of cell control group — OD of the blank group) x 100%.

DPPH free radical scavenging assay
The DPPH radical scavenging activity of the FNB sample was determined spectrophotometrically. Briefly,
2.0 mL of the sample solution (serially diluted in methanol to 0.03125-0.75 mg/mL) was mixed with 2.0 mL of
a 0.1 mM DPPH methanolic solution. The mixture was incubated at room temperature for 30 min in the dark,
and the absorbance was measured at 517 nm.

Methanol was used in place of the DPPH solution for the sample blank (A ), and in place of the sample for
the control (A). Vitamin C was used as a positive control. The scavenging rate was calculated using the formula:

Scavenging rate (%) = [(Ao — (As — Ac)) /Ao] x 100%.

Detection of intracellular ROS content using DCFH-DA fluorescent probe

First, RAW264.7 cells (2 x 10° cells/mL) were spread in 12-well plates and incubated in 5% CO, at 37 °C for 24 h
(Table 2). The cells were then incubated with diluted PCV2 for 2 h, then washed thrice with PBS. RPMI-1640
containing 75 pg/mL, 50 ug/mL, and 25 pg/mL FNB (final concentration of DMSO; 0.05%) in the 12-well plates.
DMSO solvent control group, virus-infected group, control group, and VC group were incubated in 5% CO, at
37 °C for 24 h. The cells were scraped oft with a cell spatula, then 100 pL of the cells were mixed and transferred to
a black 96-well plate. The fluorescence values were measured at excitation and emission wavelengths of 488 nm
and 525 nm, respectively.

Determination of antioxidant capacity

The supernatant was collected after FNB treatment for 24 h (Table 2), and then the NO content in the cell culture
supernatant was measured using the NO one-step assay kit. The cells were collected with PBS, then ultrasonically
crushed. Protein concentration was measured with a BCA kit, while the total antioxidant capacity of intracellular
substances was measured using a T-AOC kit. The Hydroxyl Radical Assay Kit and Superoxide Anion Radical
Assay Kit were used to assess the capacity of intracellular substances to resist hydroxyl radicals and superoxide
anions, respectively. In addition, intracellular SOD and CAT activities were measured using SOD/CAT Kits,
while intracellular GSH and GSSG contents were assessed using T-GSH/GSSG test Kits.

The enzyme activities of HDACI and HAT

The enzyme activities of HDACI and HAT were determined using ELISA kit following the manufacturer’s
instructions Briefly, the supernatant of each well was discarded (Table 2), then the cells were washed thrice with
PBS.

Detection of mRNA expression

mRNA expression was detected via qPCR. Briefly, the cell culture supernatant was removed (Table 2), then the
cells were washed thrice with PBS. Trizol (1 mL) was added to each well, and the cells were left on ice for 5 min
for sufficient lysis. The cell lysate was collected, and the total RNA was determined via Takara RNA extraction kit
following the manufacturer’s instructions. The extracted total RNA was reverse transcribed as DNA, and mRNA
expression levels of oxidative stress-related indicators were detected. f-actin was used as the internal reference
gene. The primer sequences are shown in the supplementary material.

Detection of protein expression level
Protein expression levels were detected using western blot. Briefly, the cell culture supernatant was removed
(Table 2), then the total cell protein was extracted. Protein concentration was determined using the BCA protein
assay kit. The protein samples were then transferred to the PVDF membrane after SDS-PAGE electrophoresis,
blocked with 5% skimmed milk for 1.5 h, and incubated with a primary antibody at 4 °C overnight. The PVDF
membrane was washed thrice using 1 x TBST, then incubated with a secondary antibody for 1.5 h. The PVDF
membrane was then reacted with ECL chromogenic solution for 3 min. Protein bands were observed using a
protein imaging system, and their grayscale values were calculated.

The grouping and treatment of the Pi3k inhibitor LY294002 assay are shown in Table 3. The concentration
of RAW264.7 cells was adjusted to 2 x 10 cells/mL, and the cells were incubated with 5% CO,in 6-well plates at

Groups Treatment of PCV2 | Treatments

75 ug/mL ENB | 500 uL PCV2 RPMI-1640 with 75 ug/mL FNB
50 ug/mL ENB | 500 L PCV2 RPMI-1640 with 50 ug/mL FNB
25 ug/mL FNB | 500 uL. PCV2 RPMI-1640 with 25 pug/mL FNB
vC 500 uL PCV2 RPMI-1640 with 100 ug/ mL VC
PCV2 group 500 uL PCV2 RPMI-1640

DMSO group | 500 L PCV2 RPMI-1640 with 0.05% DMSO
Control group | 500 uL. RPMI-1640 | RPMI-1640

Table 2. Grouping and processing of ROS detection. FNB, Polygonum Officinale flavonoid n-butanol; DMSO:
dimethyl sulfoxide.
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Groups Treatment of LY294002 | Treatment of FNB

LY group 50 uM LY29400 RPMI-1640

LY +FNB group | 50 uM LY29400 RPMII-1640 with 75 pg/mL FNB
FNB group RPMI-1640 RPMII-1640 with 75 ug/mL FNB
Control group | RPMI-1640 RPMI-1640

Table 3. Grouping and treatment with the Pi3k inhibitor LY294002. LY, Pi3k inhibitor LY294002; FNB,
Polygonum Officinale flavonoid n-butanol.

37 °C for 24 h. The cells were divided into the FNB group, FNB + LY group, and LY control group. The cell culture
supernatant was removed. Moreover, 1 mL RPMI-1640 containing 50 uM of LY294002 was added to the LY
group and FNB + LY group, and 1 mL RPMI-1640 was added to the control group and FNB group. These groups
were incubated with 5% CO at 37 °C for 1 h. The cell culture supernatant was removed, and the plates were
washed thrice using PBS. RPMI-1640 containing 75 pg/mL FNB was added to the FNB group and FNB +LY
group, while RPMI-1640 was added to the control group and the LY group.

Data processing and analysis

The data were analyzed by one-way analysis of variance (one-way ANOVA) using SPSS 21.0 statistical software.
Duncan method was used to compare between groups. Data were expressed as “mean + standard deviation”
Shoulder labels * and ** indicate a significant difference (p<0.05) and very significant difference (p<0.01),
respectively. In addition, the same letter on the shoulder indicates that the difference between groups is not
significant (p>0.05), while different letters on the shoulder indicate significant differences between groups
(p<0.05).

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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