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Simple Summary

Porcine reproductive and respiratory syndrome (PRRS) is a major viral disease that causes 
significant economic losses in the global pig industry by affecting reproduction, respiratory 
health, growth, and survival. Although vaccines are available, their effectiveness is often 
limited by the high genetic diversity of the virus. Traditional Chinese medicines (TCMs) 
have attracted increasing interest as potential alternatives or complementary approaches 
because they contain natural compounds with antiviral and immune-regulating properties. 
This review summarizes current knowledge of the antiviral effects of TCMs and their 
bioactive compounds against PRRS virus (PRRSV). It also explains how these compounds 
may interfere with viral replication, strengthen host immune responses, and influence gut 
microbial balance. In addition, the review explores the potential benefits of combining TCMs 
with other antiviral strategies and using nanotechnology to improve their effectiveness and 
bioavailability. However, challenges such as toxicity, inconsistent product quality, variable 
research outcomes, and limited evidence from animal studies must be addressed. Further 
research and strict quality control are essential to establish the safety, effectiveness, and 
practical application of TCM-based approaches for PRRS prevention and control.

Abstract

Porcine reproductive and respiratory syndrome (PRRS) is one of the most economically 
important viral diseases affecting the global swine industry, causing substantial production 
losses through reproductive failure, respiratory disease, increased mortality and impaired 
growth. Although vaccines against PRRS are available, their effectiveness can be limited 
by the considerable genetic diversity of porcine reproductive and respiratory syndrome 
virus (PRRSV), and they do not guarantee complete protection against infection or viral 
transmission. In contrast, Traditional Chinese Medicines (TCMs), which have been used 
for centuries, are receiving increasing attention because of their diverse antiviral and im-
munomodulatory properties. TCMs include individual herbs and complex formulations 

Vet. Sci. 2026, 13, 1198 https://doi.org/10.3390/vetsci13111198

https://crossmark.crossref.org/dialog?doi=10.3390/vetsci13111198&domain=pdf&date_stamp=2026-11-06
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/vetsci
https://www.mdpi.com
https://orcid.org/0000-0003-3277-250X
https://orcid.org/0000-0002-5682-2543
https://doi.org/10.3390/vetsci13111198


Vet. Sci. 2026, 13, 1198 2 of 26

containing a wide range of bioactive compounds that can act at multiple molecular tar-
gets to interfere with viral infection and modulate host responses. This review highlights 
the potential of TCMs and their bioactive constituents as alternative or complementary 
strategies for controlling PRRSV infection. It describes the structure and replication cycle of 
PRRSV to provide a basis for understanding viral replication in target cells, as well as the 
mechanisms by which viral non-structural proteins interfere with host immune responses. 
Evidence from in vitro and in vivo studies is summarized to evaluate the anti-PRRSV ac-
tivity of TCMs and to elucidate the molecular mechanisms underlying the antiviral effects 
of their bioactive constituents. Furthermore, this review discusses synergistic approaches, 
nanotechnology-based strategies for improving TCM-compounds bioavailability/vaccine 
performance and the interplay between PRRSV infection and the gut microbiota. Finally, 
translational prospects of TCM-based interventions have been discussed, highlighting tox-
icity concerns and the need for strict quality control to prevent plant substitution and 
minimize batch-to-batch variability. The discussion also addressed the limited translation 
of in vitro findings to in vivo efficacy, inconsistent outcomes in animal studies and the need 
to comply with relevant regulatory requirements before clinical or commercial application. 

Keywords: porcine reproductive and respiratory syndrome; traditional Chinese medicines; 
immune suppression; phytochemicals; nanotechnology; bioactive compounds

1. Introduction
Porcine reproductive and respiratory syndrome (PRRS) is an economically important 

viral disease of swine that was first recognized in the United States in 1987 and subsequently 
spread to Canada [1,2]. By 1990, PRRS had been reported in Germany and subsequently 
became established throughout Europe [1,2]. The disease is now endemic in many swine-
producing regions and represents a major cause of reproductive failure, respiratory disease 
and mortality in pigs [2]. PRRS virus (PRRSV) can be transmitted through direct contact 
between infected and susceptible animals through infectious aerosols, as well as indirectly 
through contaminated biological materials and secretions, including feces, urine and se-
men [3]. Based on genetic and antigenic differences, PRRSV is currently classified into 
two species, PRRSV-1 and PRRSV-2 [4]. Following infection, the virus can enter through the 
respiratory tract and reach tissues such as tonsils, nasal mucosa and lungs, with pulmonary 
macrophages, particularly alveolar macrophages, serving as major target cells for viral 
replication [2]. PRRSV can subsequently disseminate through the bloodstream to lymphoid 
and other peripheral tissues, resulting in systemic infection [2].

Clinical manifestations vary with viral strains, host factors, age and immune status. 
Infected pigs may develop fever, depression, anorexia, conjunctivitis, respiratory distress 
and diarrhea [2]. In breeding herds, PRRSV infection can cause severe reproductive disor-
ders including abortions, fetal mummification, stillbirths, premature farrowing and birth of 
weak piglets, whereas infection in growing pigs is commonly associated with respiratory 
disease and increased mortality [5,6]. Reproductive failure is closely associated with PRRSV 
infection and damage at the maternal-fetal interface, including endometrium and placenta, 
particularly during late gestation, while pulmonary disease results largely from viral repli-
cation in susceptible macrophages and the associated inflammatory response [6,7]. The 
considerable genetic diversity and ongoing mutation of PRRSV contribute to the emergence 
of genetically diverse strains, complicating disease control and vaccine development [8]. 
Although modified-live and inactivated vaccines are available, their efficacy can vary among 
strains and under different field conditions, and vaccination generally does not provide 
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complete protection against infection or viral transmission [9]. In addition, rare cases 
of vaccine-derived virus transmission and recombination with field strains have been re-
ported, highlighting potential safety concerns associated with modified-live vaccines [10]. 
These limitations have encouraged continued investigation of alternative or complementary 
antiviral strategies.

Traditional Chinese medicine (TCM) represents a diverse source of bioactive com-
pounds and herbal preparations that have been used for centuries in the management of 
various diseases [11]. Increasing experimental evidence has demonstrated that individual 
TCM constituents and herbal formulations can exert antiviral effects through multiple 
mechanisms, including interference with viral attachment and entry, inhibition of viral 
replication, modulation of host signaling pathways and regulation of innate and inflamma-
tory immune responses [12]. Against this background, this review summarizes current 
evidence on the antiviral activity of TCM constituents against PRRSV, with particular em-
phasis on how individual bioactive compounds interfere with viral infection or modulate 
host cellular responses [13]. In addition to purified compounds, this review discusses 
evidence from herbal extracts in vitro and in vivo, as well as potential synergistic strategies 
involving combinations of TCM constituents or their integration with conventional antiviral 
approaches. Nanotechnology-based delivery systems are discussed as emerging strategies 
for improving the bioavailability of TCM compounds and for targeting PRRSV infection. 
Finally, PRRSV and gut–microbiota interplay has also been discussed that PRRSV infection 
severity is related to gut microbes with translational prospects have also been included.

2. Search Strategy
A narrative literature search was conducted to identify studies published between 

2000 and 2026 investigating the antiviral potential of TCMs and their bioactive compounds 
against PRRSV. Literature searches were conducted using PubMed, Google Scholar, Scopus 
and Web of Science. Search terms included a combination of “porcine reproductive and 
respiratory syndrome virus”, “PRRSV”, “traditional Chinese medicine”, “TCM”, “herbal 
medicine”, “herbal extract”, “TCM against PRRSV”, “PRRSV viral replication”, “PRRSV 
structure”, and “PRRSV toxicity”. “Gut-microbiota and TCM”, Nanotechnology and TCM”. 
Additional searches were performed using names of individual herbs, formulations and 
bioactive compounds identified during initial screening to retrieve relevant mechanistic 
and experimental studies. Publications were selected according to their relevance to the 
objectives and scope of this review, with emphasis on antiviral efficacy, mechanism of 
action, safety and potential therapeutic applications. English-language publications were 
primarily considered. This review adopts a narrative synthesis approach rather than a 
formal systematic or scoping review; therefore, a PRISMA-based screening process and 
quantitative record-selection analysis were not undertaken.

3. Structure of PRRSV
PRRSV is an enveloped positive-sense single-stranded RNA virus belonging to the order 

Nidovirales and family Arteriviridae [14]. It is spherical to oval, around 50–60 nm in diameter. 
The genetic material is enclosed within a nucleocapsid, composed of nucleocapsid (N) 
proteins [15]. This nucleocapsid is enclosed within a lipid envelope embedded with several 
membrane proteins and glycoproteins [15]. The genome size is approximately 15 kb long, 
having multiple open reading frames (ORFs) [15]. The large ORF1a and ORF1b regions 
occupy approximately three quarters of the 5′ end of the genome and encode viral replicase 
machinery [10]. These regions are translated to produce two large polyproteins, pp1a 
and pp1ab [10]. Production of pp1ab requires a-1 ribosomal frameshift at the overlapping 
region between ORF1a and ORF1b [10]. These proteins give rise to different non-structural 
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proteins (nsps) [16]. They aid in viral RNA replication and modulate the host’s immune 
response [17,18]. Additional programmed ribosomal frameshifting within the central 
region of ORF1a also produces the novel proteins pp1a-nsp2TF and pp1a-nsp2N [10]. 
In contrast, the 3′ end of the PRRSV genome contains several smaller ORFs that mainly 
encode structural proteins required for virion formation and infection [19]. These include 
four glycosylated envelope proteins (GP2a, GP3, GP4 and GP5), two non-glycosylated 
envelope-associated proteins (E and M), the small non-glycosylated ORF5a protein, and 
the nucleocapsid protein N [19]. These proteins participate in virion assembly, receptor 
interaction, cellular entry and packing of the viral genome [19].

4. Viral Attachment and Replication
Alveolar macrophages are the primary target cells for PRRSV infection and replication 

and therefore play a crucial role in progression of disease [20]. In addition to macrophages, 
dendritic cells have also been reported to support PRRSV replication [21]. The viral entry 
process begins with relatively nonspecific attachment of the viral M/GP5 glycoprotein 
complex to heparan sulfate proteoglycans on the surface of susceptible host cells, facilitating 
the concentration of virions at the cell surface [22]. Subsequent interactions between the 
viral GP5/M complex and sialic acid residues on CD169 (sialoadhesin) can facilitate viral 
internalization through clathrin-mediated endocytosis. Following internalization, CD163 
plays an important role in viral entry by facilitating subsequent membrane fusion, uncoating 
and release of the viral genome into the cytoplasm (Figure 1) [22]. This positive-sense 
single-stranded RNA genome is then translated by host ribosomes to produce the large 
replicase polyproteins as described in Section 3 [22]. These polyproteins are proteolyti-
cally processed by viral proteases, including papain-like and chymotrypsin-like proteases, 
to generate the non-structural proteins, which assemble into a replication-transcription 
complex (RTC) [22]. The RTC associates with a double-membrane vesicle derived from 
the rearranged endoplasmic reticulum membranes and serves as the site of viral RNA 
synthesis [22]. The viral RNA-dependent RNA polymerase generates negative-sense RNA 
templates for the synthesis of full-length genomic RNA and a nested set of sub-genomic 
mRNAs through a discontinuous transcription mechanism [22]. The sub-genomic mRNAs 
are subsequently translated, primarily at the rough ER, to produce the structural proteins 
required for virion assembly [19]. Newly synthesized genomic RNA associates with the N 
protein to form the nucleocapsid [15]. The nucleocapsid is then targeted to the ER-Golgi 
intermediate compartment (ERGIC), where it acquires its lipid envelope containing the 
mature viral glycoprotein complexes during budding [15]. Newly assembled virions are 
subsequently transported through the cellular secretory pathway in Golgi-derived vesicles 
and are ultimately released from the infected cell by exocytosis, completing the PRRSV 
replication cycle [15].
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Figure 1. Replication cycle of PRRSV. Figure created using Biorender.com [15].

5. Immune Response Suppression
Despite the ability of host cells to recognize PRRSV, the virus has evolved multiple 

mechanisms to weaken the early innate immune response and establish productive in-
fection [23] (Figure 2). PRRSV-infected porcine alveolar macrophages (PAMs) exhibit 
delayed and relatively weak type I IFN responses, accompanied by reduced IFN-α in the 
lungs [24]. PRRSV-2 has also been reported to suppress type I IFN and pro-inflammatory 
cytokine responses in porcine plasmacytoid dendritic cells (pDCs), which are an important 
source of IFN-α and other inflammatory mediators [23,25]. During early stages of infection, 
suppression of antiviral and inflammatory signaling may therefore provide PRRSV with a 
window in which to replicate before an effective host response is established [26]. However, 
this suppression does not necessarily mean that PRRSV prevents inflammation throughout 
the entire course of infection. As infection progresses and viral replication, cell damage and 
host immune activation increase, dysregulated inflammatory responses may develop and 
contribute to tissue injury and disease severity [27,28].

Several PRRSV nonstructural proteins (nsps) interfere with the key signaling pathways 
involved in IFN and inflammatory responses [18]. Nsp4 has been reported to modulate 
NF-κB signaling by cleaving NF-κB essential modulator (NEMO) and VISA/MAVS, both 
of which participate in antiviral signaling, thereby impairing downstream type I IFN pro-
duction [29–31]. Similarly, PRRSV can suppress IFN-β production by interfering with 
IPS-1/MAVS signaling in the RIG- I pathway or by reducing MAVS mRNA expression 
through endoribonuclease activity of nsp11 [32,33]. Nsp1α further inhibits NF-κB signal-
ing by preventing IκB phosphorylation, thereby reducing NF-κB translocation [34]. In 
parallel, nsp1β inhibits IRF3 phosphorylation and its subsequent nuclear translocation, 
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limiting the transcription of type I IFN genes [35,36]. Nsp7 has been reported to downreg-
ulate the expression of IRF7, while nsp2 inhibits NF-κB activation by targeting the IκBα
polyubiquitination pathway [18,37].

Figure 2. PRRSV non-structural protein-mediated modulation of host innate immunity [23]. Figure 
created using Biorender.com.

PRRSV also interferes with signaling downstream of type I IFN receptors [23]. Fol-
lowing IFN-I stimulation, STAT1 and STAT2 associate with IRF9 to form the heterotrimeric 
interferon-stimulated gene factor (ISGF3) complex, which translocates into the nucleus 
and activates ISG transcription [38]. PRRSV nsp11 has been reported to target IRF9 and 
interfere with ISGF3 formation and nuclear translocation, thereby reducing the expression 
of antiviral ISGs such as ISG15 and ISG56 [39]. Nsp1β can further inhibit nuclear transloca-
tion of ISGF3 through degradation of karyopherin-α1 (KPNA1), a nuclear import protein 
required for the transport of transcription factors into the nucleus [40]. In addition, nsp11 
has been reported to inhibit JAK/STAT2 signaling through STAT2 degradation [41].

In addition to targeting signaling pathways, PRRSV can directly interfere with the 
activity of antiviral ISG products [42]. Nsp4 has been reported to cleave porcine mRNA-
decapping enzyme 1a (DCP1a), an ISG-associated antiviral factor involved in cellular RNA 
metabolism [42]. Cholesterol-25-hydroxylase (CH25H), another antiviral ISG, can restrict 
the replication of several viruses; however, PRRSV nsp1β and nsp11 have been reported 
to inhibit CH25H activity through lysosomal degradation [43,44]. Protein kinase R (PKR) 
is another important antiviral effector that restricts viral protein synthesis through phos-
phorylation of eukaryotic initiation factor 2α (eIF2α) [45,46]. PRRSV also manipulates this 
antiviral pathway through nsp1β [47]. During infection, nsp1β localizes to virus-induced 
stress granules (SGs), which are normally involved in cellular stress responses and antiviral 
defense [47]. Rather than allowing SGs to function solely as antiviral structures, nsp1β can 
remodel these structures in a manner that favors viral replication [47]. This activity involves 
interaction with Ras-GAP SH3-domain-binding protein 1 (G3BP1), thereby maintaining 
the interaction between G3BP1 and PKR and modulating the PKR response [47].
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6. Traditional Chinese Medicines
Traditional Chinese medicines (TCMs) have been used for centuries in the prevention 

and treatment of various diseases, including respiratory infection, gastrointestinal disorders, 
inflammatory conditions, liver diseases and other infectious diseases [48–50]. TCM prepara-
tions may consist of a single medicinal herb or plant-derived materials combined according 
to traditional therapeutic principles [51]. In recent decades, modern pharmacological and 
molecular studies have provided increasing evidence of the therapeutic potential of TCM 
against a wide range of viral infections [49]. The antiviral effects of these medicines are 
largely associated with their diverse phytochemical composition, which includes flavonoids, 
phenolic compounds, terpenoids, alkaloids, polysaccharides, saponins and other bioactive 
constituents [52]. Among these, several compounds derived from TCM-associated medic-
inal plants are baicalein, luteolin, quercetin, emodin, naringenin, salvianolic acid A and 
many more [53]. These compounds can interfere with viral infection at multiple stages, 
including viral attachment and entry, genome replication, and protein synthesis, while 
also modulating host immune responses, regulating interferon expression and associated 
signaling pathways and preventing oxidative damage [52].

7. Molecular Mechanisms of Compounds from Chinese Herbal 
Medicines Against PRRSV
7.1. Inhibiting Attachment and Entry in Host Cell

The antiviral activity of an ethanolic extract of Archidendron clypearia was evaluated 
in MARC-145 cells and porcine alveolar macrophages (PAMs) [54]. The extract signifi-
cantly inhibited PRRSV replication at both the mRNA and protein levels and reduced the 
expression of pro-inflammatory cytokines, which was associated with modulation of the 
TLR4/NF-κB signaling pathway [54]. Among the major constituents identified in the extract, 
7-O-galloyltricetiflavan (7-GTDF) was predominant [54]. Molecular docking demonstrated 
that 7-GTDF could interact with CD163, giving an idea that interference with this receptor 
may contribute to its antiviral activity [54]. Consistent with the importance of CD163 in 
PRRSV entry, [55] reported that cepharanthine and fangchinoline found in Stephania species, 
considered important TCM plants, inhibited PRRSV infection in vitro by targeting the CD163 
receptor. Likewise, [56] found that brazilin, a major constituent of Caesalpinia sappan, exhib-
ited the highest predicted binding affinity for SRC5, the fifth scavenger receptor cysteine-rich 
domain of porcine CD163, compared with catechin and epicatechin, and inhibited PRRSV 
infection in MARC-145 cells. Beyond direct interaction with CD163, baicalein, a major 
flavonoid of Scutellaria baicalensis, was shown to inhibit PRRSV entry in MARC-145 cells 
by targeting epidermal growth factor (EGFR) and modulating the downstream PI3K-AKT 
signaling pathway [57]. Supporting the involvement of CD163 in viral entry, an evaluation 
of crude extract from nine TCM herbs demonstrated that Plantago ovata, Rhus chinensis, and 
Persicaria orientalis inhibited PRRSV entry into macrophages [58]. Molecular docking anal-
ysis further suggested that compounds abundant in these herbs could interact favorably 
with the SRC5 domain of CD163 [58]. Collectively, these findings indicate that several 
TCM-derived compounds may interfere with PRRSV infection at an early stage by targeting 
host receptors or signaling pathways involved in viral attachment and entry.

7.2. Modulating Pro-Inflammatory Cytokine Expression
In addition to interfering with viral entry, several TCM-derived compounds have 

been reported to modulate the inflammatory response associated with PRRSV infection. 
Ginsenoside Rg1, a major constituent of ginseng and notoginseng, was evaluated in PRRSV-
infected MARC-145 cells and PAMs [59]. Treatment with Rg1 affected virus activity at 
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multiple steps, including a reduction in the expression of pro-inflammatory cytokines, 
which was associated with modulation of the NF-κB signaling pathway [59]. In contrast, 
mogroside V, isolated from Siraitia grosvenorii, inhibited PRRSV replication in MARC-145 
cells and PAMs while increasing the expression of cytokine genes, including IL-1 and 
IL-2 [60]. This finding highlights the immunomodulatory rather than uniformly anti-
inflammatory nature of some TCM-derived compounds. Similarly, epigallocatechin gallate 
(EGCG), a major catechin in green tea, inhibited PRRSV attachment to MARC-145 cells and 
PAMS, reduced viral replication and enhanced resistance to infection while suppressing the 
expression of pro-inflammatory cytokines including TNF-α, IL-6 and IL-8 [61]. Neferine, 
commonly found in Nelumbo nucifera, has demonstrated a similar anti-inflammatory effect 
by inhibiting NF-κB activation in PRRSV-infected MARC-145 cells [62]. Furthermore, Chen 
et al. demonstrated that Astragalus polysaccharide reduced the expression of TLR7, TLR9 
and TNF-α in a PAM cell model [63]. Treatment also decreased p65 phosphorylation, 
suggesting that the polysaccharide attenuated inflammatory signaling through modulation 
of the TLR/NF-κB pathway [63]. Taken together, these studies suggest that TCM-derived 
compounds can regulate PRRSV-associated inflammation through multiple mechanisms, 
particularly by modulating NF-κB signaling and TLR-mediated inflammatory responses.

7.3. Modulating Interferon Expression
Modulation of the interferon response represents another important mechanism 

through which TCM-derived compounds may restrict PRRSV infection [64]. In PRRSV-
infected MARC-145 cells, naringenin, a flavanone commonly found in citrus fruits, was 
shown to restore aspects of the suppressed innate immune response by increasing the 
expression of IFNs, IL-10 and interferon-stimulated genes (ISGs) [65]. Treatment also 
increased the expression of proteins associated with the RIG/MAVS signaling pathway [65]. 
Notably, the inability of naringenin to activate this pathway in the presence of the RIG-I 
inhibitor cyclo(Phe-Pro) provided evidence for the involvement of RIG- I/MAVS signaling 
in its antiviral activity [65]. Similarly, myricetin, also found in a variety of plant-based foods, 
reduced PRRSV replication in MARC-145 in a dose-dependent manner while increasing 
IFN-α, IFN-β and IFN-γ [66]. Calycosin, found in the roots of Astragalus membranaceus, was 
also reported to suppress PRRSV replication while increasing IFN-β and ISG56 expression, 
accompanied by enhanced expression of RIG-I and MAVS, along with inducing the phospho-
rylation and nuclear translocation of IRF3 [67]. Ipriflavone, a synthetic compound formed 
from Daidzein, found in soybeans, which are famously used in TCMs, exhibited a compara-
ble antiviral profile in MARC-145 cells, reducing PRRSV replication while increasing IFN-β
and ISG56, enhancing RIG-I and MAVS expression and promoting the phosphorylation 
of IRF3 and STAT1 [68]. Luteolin, a natural flavonoid, increased IFN-α, IFN-β, and IFN-γ
levels while reducing TNF- α expression in PRRSV-infected MARC-145 cells [69]. Emodin, 
found in plants belonging to the family Polygonaceae and Rhamnaceae, AND derived from 
several species traditionally used in Chinese medicine, has also been reported to inhibit 
PRRSV activity while increasing TLR3, IFN-α, AND IFN-β expression in iPAMs [70]. Over-
all, these findings suggest that several TCM-derived compounds enhance antiviral innate 
immunity by promoting RIG-I/MAVS or TLR3-associated interferon signaling, thereby 
increasing IFN production and ISG expression.

7.4. Modulating Antioxidant Response and Autophagy/Pyroptosis
TCM bioactive compounds have been investigated for their potential to alleviate PRRSV-

associated oxidative stress and regulate autophagy and pyroptosis [71]. Liu et al. demon-
strated that xanthohumol found in Humulus lupulus increased the expression of several 
antioxidant-related genes, including HMOX1, Nrf2, GCLC, NQO1 and GCLM, in PRRSV-
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infected MARC-145 cells [71]. Ma et al. reported that lycopene reduced reactive oxygen 
species (ROS) accumulation in PRRSV-infected MARC-145 cells and modulated the ex-
pression of antioxidant genes including SOD2, HO-1, CAT and NQO1 [72]. Hyperoside 
has also been shown to attenuate PRRSV infection in MARC-145 cells by reducing pro-
inflammatory cytokine expression through suppression of the TLR4/NF-κB pathway [73]. 
In addition, hyperoside alleviated PRRSV-associated autophagy through modulation of the 
p62/Nrf2/Keap1 signaling axis [73]. More direct evidence for regulation of the Keap1/Nrf2 
pathway was provided by studies of salvianolic acid A [74]. This compound was reported 
to bind directly to Keap1 and facilitate its interaction with MKRN1, an E3 ubiquitin ligase 
that promotes Keap1 ubiquitination and subsequent proteasomal degradation [74]. This 
results in the release and activation of Nrf2 and the inhibition of cellular pyroptosis [74].

8. Network Pharmacology and Multi-Target Mechanisms in TCM
The concept of network pharmacology was introduced by Andrew L. Hopkins in 2007 

as an approach that integrates pharmacology with biological network analysis to investigate 
the complex interactions among diseases, drugs and therapeutic targets [75]. Unlike the 
conventional “one drug-one target” paradigm, network pharmacology proposes that the 
therapeutic effects of drugs may arise from their interactions with multiple molecular targets 
and signaling pathways [76]. This multi-target perspective provides a more comprehensive 
framework for understanding the complex relationships between therapeutic agents and 
biological systems [76]. The integration of network-based approaches with Traditional 
Chinese Medicine (TCM) was subsequently proposed and developed to investigate the 
molecular basis of TCM syndromes and herbal therapies [77]. For example, Li Shao and 
colleagues at Tsinghua University investigated the biomolecular networks associated with 
TCM concepts such as heat and cold syndromes and examined how herbal interventions 
modulate these networks [77]. Such studies helped establish connections between TCM 
phenotypes, herbal treatments and underlying molecular mechanisms [78].

The therapeutic efficacy of medical herbs is largely influenced by their diverse chemical 
constituents [79]. However, identifying the bioactive compounds responsible for thera-
peutic effects can be challenging because of the complex chemical composition of herbal 
medicines [80]. Traditionally, individual compounds were isolated and tested separately to 
determine their pharmacological effects [80]. Although this reductionist approach can pro-
vide valuable information about specific compounds, it is often time-consuming and may 
not adequately represent the synergistic effects of multiple constituents present in herbal 
medicines [81]. Network pharmacology addresses these limitations by integrating systems 
biology, bioinformatics and computational network analysis to investigate the interactions 
among multiple compounds, targets and signaling pathways [81]. This approach is partic-
ularly suitable for TCM because it enables the systemic investigation of multi-component 
and multi-target therapeutic mechanisms and can facilitate the identification of potential 
bioactive compounds and therapeutic targets [81].

Several databases and computational platforms support the network pharmacology 
workflow. The Traditional Chinese Medicine Systems Pharmacology Database and Analysis 
Platform (TCMSP) provides information on medicinal herbs, their chemical constituents, 
and associated pharmacological properties [82]. Similarly, the Encyclopedia of Traditional 
Chinese Medicine (ETCM) contains information on herbs, chemical compounds, targets 
and related pharmacological data [83]. The Bioinformatics Analysis Tools for Molecular 
Mechanism of Traditional Chinese Medicine (BATMAN-TCM) integrates information on 
Chinese herbal medicines, chemical constituents, protein targets and disease and can be 
used to investigate potential mechanisms of action [84]. These databases facilitate the 
identification and characterization of chemical constituents present in medicinal herbs [84]. 

https://doi.org/10.3390/vetsci13111198

https://doi.org/10.3390/vetsci13111198


Vet. Sci. 2026, 13, 1198 10 of 26

The potential targets of identified compounds can be subsequently be predicted using 
platforms such as SwissTargetPrediction, which helps associate individual compounds with 
their putative protein targets [85]. In parallel, disease-associated targets can be obtained 
from databases such as DisGeNet and GeneCards, which provide information on genes and 
proteins associated with specific diseases and pathological processes [86]. The predicted 
targets of herbal compounds can be compared with the disease-associated targets to identify 
overlapping or common targets, which may represent potential molecular mediators or the 
therapeutic effects of the herbal medicine [86].

Following target identification, STRING and MINT can be used to explore protein–
protein interactions and construct interaction networks [77]. Network visualization and 
further topological analysis can then be performed using tools such as Cytoscape, allowing 
important hub targets and network relationships to be identified [77]. Functional interpre-
tation of the identified targets can be performed using Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses through platforms 
such as DAVID and Metascape [77]. These analyses can identify the biological processes, 
molecular functions, cellular components and signaling pathways potentially associated 
with the therapeutic effects of the herbal medicine [77]. Finally, molecular docking can be 
employed to investigate the potential binding interactions between selected compounds 
and their predicted protein targets [87]. Collectively, this workflow provides a systematic 
framework for linking the chemical constituents of TCM herbs with potential molecular 
targets, biological processes and signaling pathways.

Sophora flavescens, which is a famous TCM, is used in combination with other medicinal 
plants to treat a variety of disorders, including fever, dysentery, jaundice, asthma, eczema, 
inflammatory disorders and ulcers [88]. Network pharmacology has revealed that its bioac-
tive compounds exert an anti-PRRSV effect by targeting HSPA8 and HSP90AB1. An in vitro 
study further provided evidence that the compound decreased HSPA8 and HSP90AB1 
protein expression [89]. In another study, network pharmacology revealed that quercetin, 
kaempferol, and luteolin in Fuzhengjiedu San target the PI3K/Akt pathway to inhibit PRRSV 
replication. In vitro findings further demonstrated that the expression of P65, JNK, and 
TLR4 was decreased, revealing that the compounds may have affected the PI3K/Akt path-
way [90]. Similarly, network pharmacology analysis of Ma-Xing-Shi-Gan-San identified 
calycosin, odoratin, glyzaglabrin and eriodictyol as key compounds, with ALB, PPARG, 
CASP3, TGFB1, JAK2, TLR4, PRKACA and PRKACB as potential core targets. Molecular 
docking predicted favorable binding affinities between selected compounds and target 
proteins. In vitro findings revealed that treatment successfully decreased viral attachment, 
replication, internalization and release [91]. Despite its usefulness, network pharmacology 
has several limitations, including database coverage bias, which may favor well-studied 
compounds and targets and a high risk of false-positive predictions in compound-target 
interactions. Molecular docking and pathway enrichment analyses generate hypotheses 
about potential molecular interactions and biological mechanisms rather than providing 
definitive evidence of target binding or pathway modulation.

9. In Vitro Evaluation
Over the past several years, numerous in vitro studies have demonstrated the inhibitory 

effects of TCM extracts and their bioactive constituents against PRRSV [13]. These studies 
have reported reductions in viral replication and infection, with different TCM-derived 
compounds acting at multiple stages of the viral life cycle, including viral attachment and 
entry, genome replication and modulation of host cellular signaling pathways [13] (Table 1).
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Table 1. Summary of in vitro studies evaluating the anti-PRRSV activity of TCMs, including cell types, 
cytotoxicity and proposed mechanism of action.

TCM Extract/
Compound Cell Type Strain Treatment Approach IC50 Cytotoxicity Impact on 

Viral Activity
Refer-
ences

Echinacea Extract Vero cells PRRSV 
WUH3

Cell and Virus 
pre-treatment, Early 
and post-infection 
treatment, Cotreatment

0.14 
(mg/mL)

20.34 ± 0.73 
(mg/mL) 
(CC50)

Decreased genomic 
viral RNA levels [92]

Ilex purpurea 
Hassk Extract Vero cells PRRSV 

WUH3

Cell and Virus 
pre-treatment, Early 
and post-infection 
treatment, Cotreatment

0.26 
(mg/mL)

13.16 ± 0.14 
(mg/mL) 
(CC50)

Decreased genomic 
viral RNA levels [92]

Ganoderma 
lucidum 
Kars

Extract Vero cells PRRSV 
WUH3

Cell and Virus 
pre-treatment, Early 
and post-infection 
treatment, Cotreatment

0.43 
(mg/mL)

9.25 ± 0.16 
(ethanol), 11.03 
± 0.31 (water) 
(mg/mL) 
(CC50)

Decreased genomic 
viral RNA levels [92]

Taraxacum 
mongolicum Extract Vero cells PRRSV 

WUH3

Cell and Virus 
pre-treatment, Early 
and post-infection 
treatment, Cotreatment

0.78 
(mg/mL)

16.82 ± 0.21 
(mg/mL) 
(CC50)

Decreased genomic 
viral RNA levels [92]

Ilex rotunda 
Thunb Extract Vero cells PRRSV 

WUH3

Cell and Virus 
pre-treatment, Early 
and post-infection 
treatment, Cotreatment

0.80 
(mg/mL)

5.54 ± 0.20 
(mg/mL) 
(CC50)

Decreased genomic 
viral RNA levels [92]

Caesalpinia 
sappan

Extract 
(used 
6 fractions)

MARC-145 
cells VR-2332

Virus pretreatment, 
Post-infection 
treatment

The highest 
toxicity was 
601.18 of F4 and 
lowest 
cytotoxicity was 
12.83 μg/mL of 
F6 (μg/mL) 
(CC50)

F1 revealed the most 
promising results in 
inhibiting 
viral replication

[93]

Cynodon 
dactylon Extract MARC-145 

cells PRRSV-2
Virus pre-treatment, 
Post-infection 
treatment

0.78 mg/mL 
revealed no 
cytotoxic effect

Extract revealed 
complete virucidal 
activity at 
0.78 mg/mL

[94]

Cryptoporus 
volvatus Extract

MARC-145 
cells 
and PAMs

CH-1a
Post-infection 
treatment, virus 
attachment evaluation

147 mg/mL for 
MARC-145 cells 
and 263 mg/mL 
for 
PAMs (CC50)

Inhibited PRRSV 
infection by 
repressing virus 
entry, viral RNA 
expression, 
and viral 
protein synthesis

[95]

Cinnamo-
mum genus

Cin-
namalde-
hyde

MARC-145 
cells 
and PAMs

Li11

Pre-treatment, 
Post-treatment, 
Cotreatment, Direct 
virus–compound 
interaction, Virus 
binding, entry, 
replication evaluation

160 μM was 
non-toxic to 
MARC-145 cells, 
while 80 μM 
was safe 
for PAMs

Reduced virus 
binding, entry 
and replication

[96]

Andro-
graphis 
paniculata

Andro-
grapholide

MARC-145 
cells and 
PAMs

GD-HD, 
XH-GD, 
NADC30-
like 
HNhx

Pre-treatment, 
Post-treatment, 
Cotreatment

126.8 μmol/L 
for MARC-145 
and 
173.2 μmol/L 
for 
PAMs (CC50)

Inhibited PRRSV 
replication in both 
types of cells and 
inhibited NF-κB 
activation, thereby 
decreasing the 
expression of 
pro-inflammatory 
cytokines

[97]

10. In Vivo Evaluation
Although in vivo studies have demonstrated the potential of various interventions 

to control PRRSV infection, their effectiveness remains limited by inconsistent outcomes. 
Some studies have reported reductions in viral load without corresponding improvements 
in antibody responses or average daily weight gain, whereas others have demonstrated 
immunomodulatory effects without significantly reducing viral replication [98] (Table 2).
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Table 2. Summary of in vivo studies evaluating the protective effects of TCMs against PRRSV, including viral load, rectal temperature, inflammatory markers and 
pulmonary histopathological changes.

TCM Extract/Tested Compound Number of 
Pigs/Age/Strain

Viral Load/ 
Rectal 
Temperature

Body Weight ADG/ADFI/G:F
Inflammatory 
Markers/Immune 
Cells

Histopathological 
Improvement of 
Lung Tissue

References

Capsicum 
annuum

Capsicum oleores (10 mg/kg 
of feed)

PRRSV-challenged, 
unchallenged and treatment 
group (each group has 
eight pigs). Pigs were 
21 days old; Purdue 
isolate P-129V

Decreased viral 
load and rectal 
temperature

No significant 
improvement

Increased G:F, 
increased ADFL

Decreased TNF-α
and IL-1β along 
with modest 
increase in B cells 
and CD8+ T cells

[99]

Allium 
sativum Garlic (10 mg/kg of feed)

PRRSV-challenged, 
unchallenged and treatment 
group (each group has 
eight pigs). Pigs were 
21 days old; Purdue 
isolate P-129V

No significant 
change in viral 
load but 
decreased rectal 
temperature

No significant 
improvement

Increased G:F, 
decreased ADFL

No significant 
change in TNF-α
and IL-1β but 
significantly 
increased B cells 
and CD8+ T cells

[99]

Curcuma 
longa L.

Turmeric oleoresin
(10 mg/kg of feed)

PRRSV-challenged, 
unchallenged and treatment 
group (each group has 
eight pigs). Pigs were 
21 days old; Purdue 
isolate P-129V

Decreased viral 
load and rectal 
temperature

No significant 
improvement

Increased G:F, 
increased ADFL

Decreased TNF-α
and IL-1β along 
with modest 
increase in B cells 
and CD8+ T cells

[99]

Licorice 
(Glycyrrhiza 
genus)

Extract (three dietary LE 
supplementation groups) 
(BLL: 1.3 g/kg; BLM: 2.6 g/kg; 
BLH: 5.2 g/kg), three water 
LE supplementation groups 
(WLL: 0.43 g/L; WLM: 
0.86 g/L; WLH: 1.72 g/L)

264 weaned piglets were 
assigned to eight groups. 
Pigs were 28 days old

Viral load did 
not decrease; 
coughing scores 
improved in 
BLH, WLL, and 
WLH groups

Improved ADG 
in BLH and BLM 
groups along 
with a decrease 
in F:G

Downregulated 
IL-1β and IL-6 
along with an 
increase in IgA, 
IgG, and IgM

Alleviated damage 
to lung tissue [100]

Caesalpinia 
sappan Extract (1 mg/kg of feed)

A total of 32 weaned pigs 
were divided into four 
groups. Pigs were 28 days 
old, VR2332 North 
American genotype

Decreased 
viral load

No significant 
weight change 
was observed

No significant 
improvement in 
ADG and 
ADFI scores

Increased white 
blood cells

Alleviated damage 
to lung tissue [101]

Hypericum 
perforatum

Extract (oral gavage) 
(200 mg/kg BW)

30 viral-challenged piglets 
were randomly divided into
treatment and 
PRRSV-infected control 
group, VJX0612 PRRSV

Decreased 
viral load

No significant 
weight change

Increased 
IFN-γ levels [102]
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Table 2. Cont.

TCM Extract/Tested Compound Number of 
Pigs/Age/Strain

Viral Load/ 
Rectal 
Temperature

Body Weight ADG/ADFI/G:F
Inflammatory 
Markers/Immune 
Cells

Histopathological 
Improvement of 
Lung Tissue

References

Cryptoporus 
volvatus Extract (7 mg/kg BW)

Ten pigs were divided into 
two groups. Pigs were four 
weeks old, HP-PRRSV 
strain HV

Decreased viral 
load and rectal 
temperature

[95]

Morus alba Sanggenon C
Pigs were divided into SC 
group and PRRSV+SC 
group, PRRSV SD-YL1712

Decreased viral 
load and rectal 
temperature

Decreased 
pro-inflammatory 
cytokine levels

Alleviated damage 
to lung tissues [103]

Scutellaria 
baicalensis Baicalin (0.1 g/kg of feed)

Twenty healthy pigs were 
divided into four groups. 
Pigs were 21 days old, 
PRRSV SCSN2020

Decreased viral 
load and rectal 
temperature

Significant 
weight change

Decreased IL-1β, 
IL-6, IL-8, 
TNF-α levels

Alleviated damage 
to lung tissues [104]

Saponin 
component

Anemoside
B4

Three groups with different 
dose treatments (1, 5, 
10 mg/kg BW). Each group 
has six pigs. Pigs were 
4 weeks old, PRRSV 
(NJGC) strain

Increased IgG, 
IgM and white 
blood cells

[105]

Saponin 
component Notoginsenoside R1

Three groups with different 
dose treatments (1, 5, 
10 mg/kg BW). Each group 
has six pigs. Pigs were 
4 weeks old, PRRSV 
(NJGC) strain

Increased IgG, 
IgM and white 
blood cells

[105]

Saponin 
component

Saikosaponin
A

Three groups with different 
dose treatments (1, 5, 
10 mg/kg BW). Each group 
has six pigs. Pigs were 
4 weeks old, PRRSV 
(NJGC) strain

Increased IgG, 
IgM and white 
blood cells

[105]

Saponin 
component Saikosaponin D

Three groups with different 
dose treatments (1, 5, 
10 mg/kg BW). Each group 
has six pigs. Pigs were 
4 weeks old, PRRSV 
(NJGC) strain

Increased IgG, 
IgM and white 
blood cells

[105]
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11. Combination and Synergistic Approaches Against PRRSV
Given the complex interplay between PRRSV replication, immune suppression and 

excessive inflammation, combining antiviral agents with immunomodulatory or vaccine-
adjuvant strategies may provide broader protection than targeting a single mechanism. 
Several studies have therefore investigated combinations of medicinal plant extracts, phyto-
chemicals and conventional antiviral agents to enhance antiviral efficacy and improve host 
immune responses against PRRSV [106,107].

In one study, combined Astragalus membranaceus and Curcuma zedoaria extracts exhibited 
significant anti-PRRSV activity in vitro with an optimal CZ to AM ratio of 1:4. When used 
as an adjuvant to an inactivated PRRSV vaccine, the combined extract increased piglet body 
weight and PRRSV-specific antibody levels, enhanced T and B lymphocyte proliferation 
and modulated the TLR4/NLRP3/IL-1β pathway, thereby reducing inflammatory factor 
expression [106]. Similarly, Houttuynia cordata ethanolic extracts interfered with PRRSV 
replication and enhanced interferon- and cytokine-related responses in vitro. In PRRSV-
1 MLV-vaccinated pigs, oral supplementation with 50% ethanol extract increased IRF3 
mRNA expression in PRRSV-recall PBMCs and significantly reduced HP-PRRSV-2 viremia, 
although it did not further improve PRRSV-specific antibody responses, rectal temperature 
or average daily weight gain [107].

Other immunomodulatory approaches have shown similar effects. In PRRSV-1 MLV-
vaccinated pigs, quercetin increased IRF3 and IFN-α expression and reduced TGF-β and 
HP-PRRSV viremia but did not further improve antibody responses, rectal temperature 
or daily weight gain in contrast to vaccination alone [108]. Likewise, supplementation 
with Panax notoginseng saponins enhanced PRRSV-2 MLV vaccine efficacy by increasing 
neutralizing antibody titers and IFN-α and IFN-β mRNA expression, while reducing viremia 
and viral loads in lungs and lymph nodes [109].

Combination of conventional antiviral and immunomodulatory agents has also demon-
strated enhanced therapeutic effects. Tylvalosin inhibited PRRSV replication and suppressed 
PRRSV-induced NF-κB activation and cytokine expression in vitro, while treatment of in-
fected pigs reduced viral loads, fever, lung lesions and loss of daily gain. Moreover, the 
combination of tylvalosin with Poria cocos polysaccharides produced greater therapeutic 
efficacy than either treatment alone, particularly in reducing lung lesions, fever and cytokine 
production [98]. Similarly, a sanguinarine–chelerythrine combination at a 2:1 ratio dose-
dependently inhibited PRRSV infection in MARC-145 cells and showed stronger antiviral 
activity than either compound alone at their highest non-cytotoxic concentrations [110].

Dietary combinations of medicinal plants have also shown promise. Supplementation 
with combined Caesalpinia sappan and Tiliacora triandra powders enhanced PRRSV-specific 
antibody responses, while the highest dose (5.0 g/kg diet) significantly reduced serum viral 
loads and increased lymphocyte levels in infected piglets. The lower dose (0.5 g/kgdies) 
additionally enhanced pulmonary secretory IgA responses, suggesting that different sup-
plementation levels may exert distinct immunomodulatory effects [111]. Ma-Xing-Shi-Gan-
San and Fuzhengjiedu, two well-known TCM formulations composed of multiple Chinese 
medicinal herbs, have also been reported to inhibit PRRSV activity in vitro [90,91].

12. Nanotechnology-Based Delivery Systems for Enhancing TCM 
Bioavailability and Combating PRRSV Infection

The therapeutic application of many TCM constituents is limited by poor aqueous sol-
ubility, low intestinal permeability, instability in the gastrointestinal tract, rapid metabolism 
and inefficient systemic absorption, resulting in low and variable bioavailability [112]. 
Nanotechnology-based delivery systems provide a promising approach to overcome these 
limitations by reducing particle size, increasing apparent solubility and dissolution, protect-
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ing bioactive compounds from premature degradation, and facilitating intestinal permeation 
and cellular uptake [90]. Different nanocarriers, including polymeric nanoparticles, lipid 
nanoparticles, liposomes, nano-emulsions, micelles and nanostructured lipid carriers, have 
therefore been investigated for TCM constituents, which can be extracted through a vari-
ety of procedures including ultrasonic-assisted extraction, microwave-assisted extraction, 
supercritical fluid extraction, maceration, decoction and soxhlet extraction [90].

Polymeric or drug nanoparticles are nanosized particles composed of the active com-
pound itself or formed using biodegradable polymeric materials, and their small particle 
size can increase surface area, dissolution and apparent solubility [113]. For example, 
honokiol, a bioactive lignan found in Magnolia species, has poor aqueous solubility that 
limits its oral application. The bark and leaves of the Magnolia tree have been extensively 
studied for a long time but have raised several bioavailability-related issues [114]. Wu 
et al. prepared honokiol nanoparticles using a liquid antisolvent precipitation technique. 
Compared with free honokiol, the nanoparticles showed markedly improved dissolution in 
artificial gastric and intestinal fluids and enhanced bioavailability in mouse models [115]. 
Similarly, nanostructured lipid carriers are lipid-based nanoparticles containing a mixture of 
solid and liquid lipids that can encapsulate poorly water-soluble compounds and improve 
their distribution and delivery [116]. Sun et al. developed hyaluronic-acid-coated NLCs 
containing oleanolic acid, ursolic acid and ginsenoside Rg3. In tumor-bearing mice, the 
formulation prolonged circulation and enhanced anti-tumor activity [117].

Liposomes are spherical vesicles surrounded by one or more phospholipid bilayers 
and can improve the aqueous dispersion, stability and systemic exposure of poorly solu-
ble compounds [118]. Curcumin is a well-known example because its potent anticancer 
activity is limited by poor aqueous solubility and low systemic exposure [119]. Hamano 
et al. developed curcumin-loaded liposomes (Lipo-Cur) using an automated microfluid 
preparation method. The formulation increased the water solubility of curcumin by 700-fold 
and 8–20 times increased systemic exposure in contrast to simple curcumin suspension. The 
coadministration of Lipo-Cur with cisplatin in a mouse tumor model enhanced cisplatin 
efficacy and decreased nephrotoxicity [120].

Nanoemulsions are nanoscale oil-in-water or water-in-oil dispersions stabilized by 
surfactant and, when appropriate, co-surfactant [121]. They can improve the apparent 
solubility and stability of poorly soluble compounds and facilitate intestinal absorption [121]. 
Li et al. developed an oil-in-water nanoemulsion of berberine hydrochloride using Labrafil 
M 1944 CS as the oil phase, RH-40 as the surfactant, glycerin as the co-surfactant and water 
as the aqueous phase. The formulation increased the relative oral bioavailability of the 
berberine hydrochloride to approximately 440% of the unencapsulated compound and 
enhanced its permeability across Caco-2 cell monolayers while reducing P-glycoprotein-
mediated efflux [122].

Micelles are nanoscale colloidal structures formed by amphiphilic molecules or poly-
mers, with hydrophobic domains that can solubilize poorly water-soluble compounds [123]. 
Ding et al. developed magnolol-loaded binary mixed micelles using Soluplus and either 
Solutol HS15 or d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS) to improve the 
poor solubility and oral bioavailability of magnolol. The micellar formulation improved 
permeability across Caco-2 cells and oral bioavailability [124].

Transethosomes are highly deformable lipid vesicles containing phospholipids, ethanol 
and an edge activator, which allows them to deform and penetrate biological barriers more 
efficiently than conventional vesicles [125]. Wang et al. developed a brucine-strychnine 
transethosome formulation for transdermal delivery of the major active constituents of Nux 
vomica. Compared with the free compounds, the optimized formulation showed greater 
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transdermal permeation and cellular uptake, sustained release and prolonged inhibition of 
hepatoma cell proliferation in vitro [126].

Beyond improving the efficacy and delivery of TCM-derived compounds, nanotechnol-
ogy has demonstrated considerable potential for inhibiting PRRSV replication and enhanc-
ing vaccine-induced immunity. Chitosan-coated selenium nanoparticles attenuated PRRSV 
replication in vitro while reducing ROS generation and JNK phosphorylation levels [127]. 
Similarly, Cyanidin-3-O-glucoside-based selenium nanoparticles exhibited antiviral activity 
against PRRSV by inhibiting viral internalization and replication while reducing oxidative 
stress and ferroptosis in infected MARC-145 cells [69]. Glycyrrhizic acid-modified gold 
nanoparticles demonstrated promising antiviral activity against PRRSV by interfering with 
multiple stages of the viral life cycle [128]. In addition to directly inhibiting viral replication, 
nanotechnology has shown promise in improving vaccine efficacy. A self-assembling ar-
chaeal ferritin nanoparticle vaccine (FeCocktail), incorporating T-cell epitopes derived from 
PRRSV GP3, GP4, and GP5 proteins, elicited a robust PRRSV-specific cellular and humoral 
immune response in mice and piglets. In piglets, the vaccine improved protection against 
PRRSV challenge by alleviating clinical symptoms and lung tissue damage while reducing 
viral loads in serum and lung tissues [62]. Similarly, ferritin-based nano-vaccine targeting 
the PRRSV GP5 protein provided significant protection against PRRSV-infected piglets [90]. 
Nanoparticle-based delivery systems have also been investigated as vaccine adjuvants and 
antigen carriers. Intranasal administration of chitosan/alginate-encapsulated bee venom 
(CH/AL-BV) enhanced PRRSV vaccine-induced Th1 immune response, increased PRRSV-
specific antibodies and reduced immunosuppressive response in pigs. Following PRRSV 
challenge, treated pigs exhibited lower viral loads in serum and tissues and less severe lung 
lesions, suggesting that CH/AL-BV could serve as a promising adjuvant for improving pro-
tection against PRRSV [129]. Likewise, monnosylated gelatin nanoparticles encapsulating 
inactive PRRSV enhanced antigen uptake by monocyte-derived dendritic cells, promoting 
their maturation and cytokine secretion while improving T-cell activation, proliferation and 
cytotoxic activity against PRRSV-infected cells [130]. Furthermore, intranasal administra-
tion of a biodegradable PLGA nanoparticle-entrapped killed PRRSV vaccine (Nano-KAg) 
enhanced antiviral immunity in pigs, resulting in complete clearance of viremia within two 
weeks following homologous virus challenge. The vaccine promoted virus-neutralizing 
antibody responses in the lungs, increased Th1-associated cytokines and T-cell populations 
and reduced regulatory T-cell frequencies [131]. Collectively, these findings highlight the 
diverse application of nanotechnology in PRRSV control, encompassing direct antiviral 
activity, targeted delivery, immune modulation and enhanced vaccine protection.

Although nanotechnology has shown promise in improving solubility and bioavailabil-
ity of TCM-derived compounds and in controlling PRRSV through direct antiviral activity 
and enhanced vaccine efficacy, its application in delivering TCM compounds specifically 
against PRRSV remains an area requiring further investigation. Before practical applica-
tion in pig production, further studies should evaluate production cost at the feed-tonne 
scale, nanoparticle stability during feed pelleting and storage, effects on animal health and 
product safety and compliance with regulations governing nanomaterials in animal feed.

13. PRRSV and Gut Microbiota
Apart from causing respiratory and reproductive disorders, PRRSV has also been 

reported to affect the gastrointestinal tract [132]. Zhao et al. reported that PRRSV infection 
in piglets resulted in viral replication and detection of viral N protein in both the lungs 
and small intestine, accompanied by significant intestinal injury [132]. PRRSV infection 
also impaired intestinal barrier integrity and increased the expression of pro-inflammatory 
cytokines through activation of the NF-κB signaling pathway [132]. This indicates that 
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PRRSV can directly affect the intestinal tract, promoting intestinal barrier dysfunction 
and potentially contributing to systemic consequences of infection. Wang et al. reported 
divergent, host-dependent shifts in gut microbial composition between PRRSV-resistant and 
susceptible pigs following infection [133]. Notably, the Prevotellaceae-NK3B31 group was 
lower in resistant pigs than in susceptible pigs prior to infection, but increased significantly 
in resistant pigs by 7 days post-infection while declining in susceptible pigs, resulting 
in significantly higher abundance in resistant animals post-infection. In contrast, taxa 
including Campylobacter and Desulfovibrio increased in abundance and remained enriched 
in susceptible pigs throughout infection, providing a link between the presence of certain 
microbes and protection against disease progression [133].

Gut microbiota may also contribute more directly to PRRSV-specific immunity, as sup-
ported by studies examining vaccine-induced antibody response [134]. Following PRRSV 
vaccination, pigs were classified into high and low antibody response groups according to 
their PRRSV-specific antibody levels [134]. Although overall gut microbial richness and 
diversity were comparable between the groups, Lactobacillus abundance was positively 
correlated with PRRSV-specific antibody levels [134]. Following virulent PRRSV challenge, 
gut microbial composition was also associated with clinical parameters, including body 
weight and rectal temperature [134]. This suggests that specific gut microbial members 
may contribute to variation in PRRSV vaccine-induced immunity and subsequent disease 
response. More direct evidence for a microbiota-metabolite-immune pathway was pro-
vided by a study of Radix pseudostellariae polysaccharide (RPP) [135]. Oral administration 
of RPP before inactivated PRRSV vaccination enhanced GP-5 specific antibody response, 
increased circulating taurodeoxycholic acid (TDCA) and altered the abundance of several 
gut microorganisms, including Prevotella copri, Parabacteroides distasonis and Eubacterium 
species, together with changes in cytokines such as IL-2, IL-4 and IL-10 [135]. Integrated 
microbiome and metabolome analyses identified an association between P. copri and TDCA. 
In mice, RPP administration similarly increased P. copri, TDCA, GP-5 specific antibody 
responses and splenic CD3+ and CD3+ CD4+ T-cell populations [135]. Moreover, admin-
istration of P. copri increased serum TDCA and GP-5 specific antibody levels following GP-5 
immunization [135]. Collectively, these findings indicate that the P. copri-TDCA axis may 
contribute to RPP-mediated enhancement of vaccine-induced immunity, although further 
studies are required to establish the direct causal role of TDCA in this response.

Based on these observations, modulation of the gut microbiota represents a potential 
component of the protective effects of the TCM against PRRSV [100]. Several TCM interven-
tions have been associated with increased abundance of potentially beneficial microorgan-
isms, including Lactobacillus and Akkermansia, together with reductions in disease-associated 
taxa such as Desulfovibrio [136]. For example, Wang et al. reported that licorice extract 
improved average daily weight gain in PRRSV-infected pigs, reduced pro-inflammatory 
cytokine responses and lung injury, and increased the abundance of beneficial short-chain 
fatty acid (SCFA)-producing microorganisms in the gut, thereby halting disease progression 
through the gut–lung axis [100].

14. Limitations and Future Direction for Translational Prospect
TCMs have been used for centuries for the management of various diseases, but their 

therapeutic potential must be considered alongside potential safety concerns [137]. Studies 
from the last two decades have demonstrated that certain TCM constituents, including 
specific alkaloids, terpenoids and other phytochemicals, can cause toxicity affecting the kid-
neys, liver, nervous system and cardiovascular system [138–140]. A well-known example 
is Aristolochic acid (AA), a nephrotoxic and carcinogenic compound commonly found in 
plants of the genera Asarum, Aristolochia and related species that have been used in several 
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TCM preparations [141]. AA nephropathy was first recognized in Belgium in 1993, when 
women developed rapidly progressive renal interstitial fibrosis following use of a Chinese-
herbal slimming regimen; subsequent investigation identified the inadvertent substitution 
of Stephania tetrandra with Aristolochia fangchi, with both herbs being referred to as “Fang Ji”. 
By January 1994, 71 cases had been registered in Belgium, including 35 patients requiring 
renal replacement therapy due to the use of herbal medicines [141,142]. Similarly, aconitine, 
a highly toxic alkaloid present in Aconitum carmichaelii and Aconitum kusnezoffii, has been 
associated with severe ventricular arrhythmia and cardiac arrest following ingestion of 
aconite-containing herbal medicines [143]. Long-term use of Jin bu huan has also been asso-
ciated with hepatitis in adults, whereas acute exposure in children has caused neurological 
toxicity, attributed to its neuroactive constituents such as levo-tetrahydropalmatine [144]. 
In addition, clinical evidence has implicated Polygonum Multiflorum (He Shou Wu) in herb-
induced liver injury [145]. These examples highlight the importance of rigorous quality 
control and standardization in the development of safe and reproducible TCM-based in-
terventions. Botanical misidentification or substitution can compromise both therapeutic 
efficacy and safety [146]. Therefore, accurate botanical identification through taxonomic 
identification, voucher specimens and, where appropriate, DNA-based methods should 
be established [147]. Chemical fingerprinting is another method involving ultra-high-
performance liquid chromatography (UHPLC) or high-performance liquid chromatog-
raphy (HPLC) to characterize chemical profiles of plants, detect toxic compounds and 
identify inconsistencies between batches [148,149]. Quantification of appropriate marker 
compounds, screening of contaminants and implementation of standardized extraction 
and manufacturing procedures are also necessary to ensure consistent composition and 
biological activity.

Moreover, the available evidence is largely derived from experimentally infected 
weaned or nursery pigs, with little-to-no investigation of reproductive outcomes in gestating 
sows and gilts, including transplacental viral transmission, abortion, and stillbirths. There-
fore, promising TCM extracts and formulations should undergo longer-term toxicity and 
safety evaluations using adequately powered animal studies, with particular attention to hep-
atic, renal, neurological effects, as well as maternal health and reproductive performance.

Another important limitation is that antiviral activity observed in vitro cannot neces-
sarily be extrapolated to therapeutic efficacy in vivo. Many studies of TCMs against PRRSV 
have been performed using cultured cell lines, where compounds may reach concentra-
tions that are difficult to achieve safely in animals because of differences in absorption, 
metabolism, distribution and elimination. A notable example is the study by [135] in which 
a combination of matrine and glycyrrhizic acid demonstrated substantial anti-PRRSV activ-
ity in vitro but failed to provide practical protection in PRRSV-infected pigs, with increased 
mortality and increased pro-inflammatory cytokine levels. Therefore, future PRRSV studies 
should incorporate pharmacokinetic, metabolomic and toxicological assessments to deter-
mine how TCM constituents behave in pigs. Furthermore, in vivo studies have reported 
inconsistent outcomes regarding the efficacy of TCM-based intervention against PRRSV. 
Some studies have demonstrated reduction in viral load without significant improvement 
in weight gain or clinical symptoms, whereas others have reported immunomodulatory 
effects in the absence of a significant reduction in viral load (Table 2). These findings 
highlight the importance of considering multiple parameters, including virological, clinical, 
immunological and growth performance outcomes when evaluating the efficacy of TCM 
formulations and selecting promising candidates for further investigation.

Several studies have investigated the combined use of TCM formulations and MLV 
vaccines to improve protection against PRRSV. For example, the combination of Bazhen 
powder and an MLV vaccine demonstrated beneficial effects in pigs by reducing viral 
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load and improving immune responses [150]. However, the beneficial effects observed 
with specific formulations cannot be generalized to all TCM preparations because their 
immunomodulatory and antiviral activities may vary considerably, affecting MLV vaccine-
virus replication.

Regulatory approval is required for translating herbal formulations into veterinary 
practice. In China, veterinary medicinal products are subjected to a veterinary drug reg-
istration and approval framework administered by the Ministry of Agriculture and Rural 
Affairs (MARA) [151]. It requires appropriate evidence regarding safety and efficacy, with 
applicable labeling required for dose, precautions and withdrawal period. In the European 
Union, feed additives are regulated under Regulation (EC) No.1831/2003, whereas vet-
erinary medicinal products fall under Regulation (EU) 2019/6. Products must satisfy all 
the requirements applicable to their intended use and regulatory category before market-
ing [152,153]. For food-producing pigs, safety assessments should address the potential 
transfer of active constituents and their metabolites into edible tissues. Where required by 
the applicable framework, maximum residue limits (MRLs) and residue depletion studies 
must be established [154].

15. Conclusions
TCMs represent a promising source of alternative and complementary therapeutic 

strategies against PRRSV because of their diverse antiviral and immunomodulatory activ-
ities. However, current evidence remains insufficient to fully establish their therapeutic 
potential, as concerns regarding toxicity, limited translation of in vitro findings into in vivo 
efficacy and inconsistent outcomes in animal studies constrain conclusions about their 
long-term safety and effectiveness in farm animals. Further research should prioritize the 
identification of bioactive constituents, standardization of herbal formulations, comprehen-
sive toxicity assessments and validation of antiviral mechanisms through well-designed 
in vivo studies. Greater emphasis should also be placed on reproductive outcomes and herd-
level performance. From a translational perspective, multicenter field trials, rigorous quality 
control, residue assessment and compliance with veterinary regulatory requirements will 
be essential to establish reproducible efficacy, consumer safety and commercial feasibility.
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