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Abstract: Intestinal diseases, including inflammatory bowel disease, functional bowel disorders, stress-related enteropathy, colorectal
cancer, and colitis-associated colorectal cancer, share overlapping pathological processes such as epithelial barrier disruption, immune
dysregulation, microbiota imbalance, oxidative stress, and inflammation-driven tissue injury. Paeoniflorin, a major monoterpene
glycoside derived from Paeonia species, has attracted increasing attention because of its anti-inflammatory, antioxidant, immunomo-
dulatory, anti-apoptotic, and barrier-protective properties. This review summarizes experimental evidence and mechanistic findings
regarding the therapeutic potential of paeoniflorin in intestinal diseases. Current preclinical studies suggest that paeoniflorin can
alleviate colitis, improve epithelial barrier integrity, promote mucosal repair, modulate microbiota—metabolite interactions, reduce
visceral hypersensitivity, and suppress inflammation-associated colorectal tumorigenesis. Mechanistically, these effects involve
coordinated regulation of inflammatory signaling, immune-cell balance, epithelial regeneration, gut-brain axis-related pathways,
and oncogenic inflammatory cascades. Recent advances in colon-targeted delivery, pharmacokinetic modulation, compatibility-
dependent exposure, and derivative development further support its translational potential. However, existing evidence remains largely
based on in vitro and animal studies, with limited clinical data, heterogeneous models and dosing regimens, insufficient PK/PD
validation, and unresolved druggability challenges. Future research should integrate mechanistic validation, optimized delivery
systems, exposure—response evaluation, and clinically relevant disease stratification to support its progression from a bioactive natural
compound to a viable intestinal therapeutic candidate.
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Introduction

Intestinal diseases encompass a broad clinical spectrum, including inflammatory bowel disease (IBD), functional bowel
disorders, stress-related intestinal injury, and colorectal cancer (CRC), and have become an increasingly important global
health burden.' Recent epidemiological evidence further underscores the public-health relevance of these conditions.
The global incidence rate of IBD increased from 1990 to 2021, although age-standardized mortality and disability-
adjusted life-year rates showed declining trends. IBS also remains highly prevalent worldwide, with pooled prevalence
estimates varying according to diagnostic criteria, from approximately 3.8% under the Rome IV criteria to 9.2% under
the Rome III criteria.* CRC continues to represent a major global malignancy, with more than 1.9 million new cases and
approximately 904,000 deaths estimated worldwide in 2022.°> Among these conditions, IBD, particularly Crohn’s disease
(CD), often follows a chronic, relapsing course and may ultimately lead to progressive intestinal damage and functional
disability." Disruption of the intestinal barrier is widely recognized as a shared pathological basis across multiple
intestinal disorders, as it promotes the transepithelial translocation of luminal antigens and microbial products, thereby
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triggering mucosal immune imbalance, persistent inflammation, and tissue injury, and consequently driving disease
chronicity and progression toward more complicated phenotypes.®’ Meanwhile, irritable bowel syndrome (IBS) is now
regarded as a prototypical disorder of gut—brain interaction, with core mechanisms involving visceral hypersensitivity,
aberrant stress responses, dysregulated neuroimmune signaling, and impaired barrier function, rather than being con-
sidered merely a functional disturbance.®’ In addition, prolonged chronic intestinal inflammation may facilitate the
transition from inflammation to tumorigenesis through sustained activation of inflammatory signaling, barrier disruption,
and abnormal epithelial renewal, thereby contributing to the initiation and progression of colitis-associated neoplasia and
CRC.'"™!" Therefore, it is of considerable significance to explore intervention molecules with multi-target and multi-level
regulatory properties from the perspective of the continuous pathological cascade spanning barrier homeostasis, immune
regulation, microbiota interaction, and inflammation-associated tumorigenic transformation.

Paeoniflorin, a representative bioactive monoterpene glycoside derived from plants of the Paeonia genus, particularly
Paeonia lactiflora, is also recognized as one of the major pharmacologically active constituents of medicinal materials
such as Radix Paeoniae Alba."> In recent years, accumulating evidence has demonstrated that paconiflorin possesses
a broad spectrum of pharmacological activities, including anti-inflammatory, antioxidant, immunomodulatory, anti-
apoptotic, and barrier-protective effects, thereby attracting sustained interest regarding its therapeutic potential in
a variety of complex diseases.'> !> In the field of intestinal diseases, experimental studies have shown that paconiflorin
can suppress innate inflammatory signaling and abnormal immune cell infiltration in colitis models, while also alleviating
colonic tissue injury.'® Further investigations have revealed that paeconiflorin not only promotes intestinal stem cell-
mediated epithelial regeneration and mucosal repair, but also enhances intestinal barrier function through mechanisms
related to group 3 innate lymphoid cells (ILC3s), suggesting that its effects extend beyond a purely anti-inflammatory
role.'”'® In models of functional bowel disorders, paeoniflorin has likewise been shown to relieve visceral hypersensi-
tivity, ameliorate low-grade inflammation and barrier dysfunction, and exert protective effects through pathways
associated with the gut-brain axis or inflammasomes.'®*° In addition, existing studies suggest that paeoniflorin may
also inhibit colitis-associated carcinogenesis and the malignant phenotype of CRC, further highlighting its potential as
a candidate intervention across the continuous spectrum from inflammation and tissue injury to carcinogenesis.”'*?
Nevertheless, paeoniflorin still faces practical limitations, including low oral bioavailability, limited membrane perme-
ability, and the need for further optimization of its druggability, which is also an important reason why formulation
improvement and derivative development have received increasing attention.'>'*

Overall, paeoniflorin may represent a promising candidate intervention capable of acting simultaneously at multiple
levels, including the intestinal barrier, mucosal immunity, microbiota-related metabolism, the gut—brain axis, and
inflammation-associated tumorigenic transformation (Figure 1 and Table 1). However, the current body of evidence
remains dominated by in vitro and animal studies with considerable heterogeneity, which limits the generalizability of
existing conclusions and slows clinical translation. Against this background, this review systematically summarizes the
experimental evidence regarding paeoniflorin in IBD, functional bowel disorders, stress-related intestinal injury and
enteropathy, CRC, and CAC. It further discusses its derivatives, formulation optimization, translational prospects, current
limitations, and future research directions, with the aim of providing a useful reference for subsequent mechanistic
integration and preclinical development.

Experimental Evidence of Paeoniflorin in Inflammatory Intestinal Diseases

Suppression of Innate Inflammatory Signaling
The pathogenesis and progression of IBD are closely associated with excessive activation of innate immunity. Aberrant
innate inflammatory signaling, by continuously amplifying inflammation, oxidative stress, and epithelial injury, has
become a major driving force that promotes mucosal damage and impairs repair.***

Available experimental evidence indicates that paeoniflorin exerts relatively consistent anti-inflammatory effects
across multiple colitis models. A common finding is its significant amelioration of inflammatory phenotypes, including
body weight loss, increased disease activity index, colon shortening, and histopathological injury, accompanied by

concomitant reductions in the levels of inflammatory markers such as myeloperoxidase (MPO), interleukin-1p (IL-1B),
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Figure | Paeoniflorin as a multi-target candidate for intestinal diseases. This schematic summarizes the shared pathological bases of intestinal diseases, including barrier
disruption, immune dysregulation, microbiota—-metabolite imbalance, stress amplification, and inflammation-driven carcinogenesis. Paeoniflorin may act on these intercon-
nected axes by suppressing inflammatory signaling, restoring immune homeostasis, promoting epithelial barrier repair and regeneration, modulating microbiota-metabolite
and gut-brain interactions, and attenuating intestinal injury and CRC/CAC progression. Arrows indicate activation, upregulation, or promotion; blunt-ended lines indicate
inhibition or suppression; upward and downward arrows indicate increased and decreased expression or activity, respectively.

Abbreviations: IBD, inflammatory bowel disease; IBS, irritable bowel syndrome; CRC, colorectal cancer; CAC, colitis-associated colorectal cancer; TLR4, Toll-like
receptor 4; NF-kB, nuclear factor kappa B; MAPK, mitogen-activated protein kinase; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B; mTOR, mammalian target of
rapamycin; Treg, regulatory T cell; Th17, T helper 17 cell; ILC3, group 3 innate lymphoid cell; HPA, hypothalamic—pituitary—adrenal; EGFL7, epidermal growth factor-like
domain-containing protein 7.

interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-)).>>2° At the molecular level, the inhibitory effects of paconi-
florin on innate inflammatory signaling are not restricted to a single pathway. On the one hand, it suppresses the Toll-like
receptor 4 (TLR4)-dependent nuclear factor kappa B (NF-«B)/mitogen-activated protein kinase (MAPK) cascade,
thereby reducing the activation of p65, extracellular signal-regulated kinase (ERK), JNK, and p38 and ultimately
attenuating inflammatory cytokine transcription and downstream amplification.>* On the other hand, paconiflorin also
inhibits phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of rapamycin (mTOR)-related
inflammatory signaling, suggesting that it may act at a more upstream level within the regulatory networks governing
inflammatory responses, cell survival, and metabolism.?® In addition, in 2,4,6-trinitrobenzene sulfonic acid (TNBS)- or
DSS-induced colitis models, paconiflorin has been shown to alleviate inflammation-associated epithelial apoptosis by
suppressing NF-kB-mediated inflammatory responses and modulating apoptosis-related molecules such as B-cell lym-
phoma 2 (Bcl-2), Bel-2-associated X protein (Bax), caspase-3, and caspase-9.2° Moreover, by inhibiting cell division
cycle 42 (CDC42)/INK signaling and correcting oxidative stress as well as certain metabolic disturbances, paeoniflorin
further demonstrates a multilayered protective profile characterized by coordinated anti-inflammatory, antioxidant, and

anti-apoptotic effects.”
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Table | Condensed Summary of the Experimental Evidence for Paeoniflorin in Intestinal Diseases

Disease Key Representative Major Effects of Paeoniflorin | Core Mechanisms/Targets | Representative
Setting Pathological Models References
Focus
IBD Innate DSS; TNBS colitis Reduced disease severity, TLR4/NF-kB/MAPK; PI3K/ [23-26]
inflammatory inflammatory cytokines, oxidative AKT/mTOR; CDCA42/JNK;
activation stress, and epithelial apoptosis Bcl-2/Bax/caspases
IBD Immune DSS colitis; TNBS Reduced eosinophilic and pro- Treg/Th17 regulation; [16,18,27]
dysregulation colitis; DC—naive inflammatory responses; inhibition of DC maturation;
CD4" Tcell restored immune balance and ILC3/IL-22 restoration; DR3/
coculture; chronic mucosal protection TRADD/p38/NF-«xB
colitis
IBD Barrier injury DSS colitis; Caco-2 Improved barrier integrity, tight PI3K/AKT/mTOR; Nrf2/HO- [17,28,29]
and epithelial monolayer; chronic junction expression, epithelial I; NF-kB inhibition; Clqga/
regeneration colitis repair, and intestinal stem cell- Whnt/B-catenin regulation
mediated regeneration
IBD Microbiota— P. gingivalis- Improved dysbiosis, microbial Regulation of microbial [30-32]
metabolite aggravated enteritis; metabolism, autophagy, and metabolites; mTOR-related
disturbance DSS colitis; inflammatory status autophagy; MDP-NOD2
experimental colitis /RIP2/NF-kB
I1BS/ Visceral Maternal separation Reduced visceral pain, stress Neuroactive ligand-receptor [20,33,34]
functional hypersensitivity | models; IBS-related responses, and anxiety-like pathways; k-opioid and
bowel and compound studies behavior a2-adrenergic signaling; HPA
disorders neuroimmune axis; BDNF/TrkB/PLCy|
disturbance
IBS/ Barrier IBS rat models; Reduced permeability, CRFRI/ROCK2/MLC; miR- [19,35,36]
functional dysfunction and CRF-induced IBS; inflammatory mediators, and 29a/NKRF; NF-kB/NLRP3/
bowel low-grade TNBS + restraint visceral hypersensitivity; restored ASClcaspase-|; microbiota
disorders inflammation stress IBS-D mucus and tight junctions modulation
Intestinal Inflammation, Intestinal ischemia- Reduced tissue injury, oxidative LKB I/AMPK-autophagy; Bcl- [37,38]
injury/ oxidative stress, reperfusion; stress, apoptosis, and perfusion- 2/Bax/caspases; Gas6/Ax|/
stress- and cell death radiation enteritis related damage SOCS3; ASKI/TF
related
enteropathy
Intestinal Mucosal Aspirin enteropathy Improved mucosal injury, TLR4/NF-xB inhibition; [39]
injury/ integrity under simulated inflammatory burden, barrier barrier repair; microbiota
stress- impairment high-altitude hypoxia proteins, and microbiota reshaping
related homeostasis
enteropathy
CRC Malignant HCTI 16; SW480; Inhibited proliferation, migration, E-cadherin/vimentin/HDAC?2; [40,41]
proliferation, HT29; xenograft and | invasion, EMT, tumor growth, and | p53; 14-3-3-related signaling;
invasion, and metastasis models metastasis; induced apoptosis Bax/Bcl-2; caspases
apoptosis
resistance
(Continued)
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Table | (Continued).

Disease Key Representative Major Effects of Paeoniflorin | Core Mechanisms/Targets | Representative
Setting Pathological Models References
Focus
CRC Stemness and HCTI 16; SW480 Suppressed sphere formation, miR-3194-5p/CTNNBIP1/ [22,42]
molecular stemness, EMT, and cell-cycle Wnt/B-catenin; FoxM|1/p21/
target progression p27
regulation
CAC Inflammation- AOM/DSS CAC; Reduced tumor burden, IL-6/STAT3; IL-17A; TLR4/ [21,43]
driven colon cancer cell inflammatory injury, proliferation, NF-xB; EGFL7
tumorigenesis models migration, and invasion

Abbreviations: IBD, inflammatory bowel disease; IBS, irritable bowel syndrome; CRC, colorectal cancer; CAC, colitis-associated colorectal cancer; DSS, dextran sulfate
sodium; TNBS, 2,4,6-trinitrobenzene sulfonic acid; CRF, corticotropin-releasing factor; AOM, azoxymethane.

Regulation of Immune Cell Balance
IBD is, in essence, also a disorder of mucosal homeostasis caused by dysregulation of the intestinal immune cell network.
Accordingly, restoring the functional balance among dendritic cells, the regulatory T cell (Treg)/T helper 17 (Th17) axis,
and innate lymphoid cells is critical for shifting the therapeutic paradigm from simple suppression of inflammation to
reconstruction of mucosal homeostasis.*®

Available studies indicate that paconiflorin can reshape intestinal immune balance at multiple levels. First, in DSS-
induced colitis models, paeoniflorin not only reduces pro-inflammatory cytokines such as IL-1p, IL-6, and TNF-a, but
also decreases the expression of eosinophil-related chemotactic and marker molecules, including chemokine (C-C motif)
ligand 11 (CCL11), chemokine (C-C motif) ligand 24 (CCL24), C-C chemokine receptor 3 (CCR3), and sialic acid-
binding immunoglobulin-like lectin F (Siglec-F), thereby suppressing eosinophil infiltration. This effect is accompanied
by restoration of the Treg proportion, suggesting that paeoniflorin exerts dual actions in attenuating aberrant inflamma-
tory cell recruitment and correcting immune skewing.'® Second, in TNBS-induced ulcerative colitis models and dendritic
cell-naive CD4" T-cell coculture systems, paconiflorin inhibits dendritic cell maturation, downregulates major histo-
compatibility complex class II (MHC-II), CD86, and IL-12, and consequently corrects the Th17/Treg imbalance by
reducing interleukin-17 (IL-17) levels while increasing forkhead box P3 (Foxp3) and IL-10 expression. These findings
suggest that paconiflorin can re-establish immune tolerance through modulation of antigen-presenting cell function.?’
Furthermore, in chronic colitis models, paeoniflorin also acts on the ILC3-related immune network by restoring the
proportions of ILC3s, natural cytotoxicity receptor (NCR)" ILC3s, and IL-22" ILC3s, while reducing NCR™ ILC3s and
pro-inflammatory effector molecules such as IL-17A and granulocyte-macrophage colony-stimulating factor (GM-CSF).
At the same time, it suppresses activation of the death receptor 3 (DR3)/TNFRI1-associated death domain protein
(TRADD)/p38/NF-kB signaling pathway, thereby promoting IL-22-dominant mucosal protective effects.'®
Collectively, paeoniflorin facilitates the restoration of intestinal immunity from a pro-inflammatory dysregulated state
toward one characterized by mucosal tolerance and repair through coordinated regulation of multiple immune cell

populations and their functional networks.'®'%%

Barrier Repair and Epithelial Regeneration

Disruption of the intestinal mucosal barrier constitutes an important basis for the persistence and recurrence of IBD.
Therefore, beyond suppressing inflammation, promoting epithelial regeneration and mucosal healing has become a key
therapeutic dimension for achieving genuine disease remission.**~!

In this regard, paeoniflorin has demonstrated particularly notable capacities to repair barrier function and promote
epithelial regeneration. Studies have shown that paeoniflorin not only ameliorates inflammatory phenotypes in DSS-
induced colitis in mice, but also upregulates the expression of intestinal stem cell-related molecules such as Lgr5, Sox9,
and Ascl2, as well as Ki67, restores differentiation markers including ChgA, Muc2, Lyz, and Villin, and enhances

organoid growth together with intestinal epithelial cell proliferation, migration, and repair. These effects are closely
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associated with activation of the PI3K-AKT-mTOR signaling pathway and the promotion of intestinal stem cell renewal
and differentiation.'” In an in vitro Caco-2 monolayer model, paeoniflorin increases transepithelial electrical resistance
(TEER), decreases fluorescein isothiocyanate (FITC)-dextran permeability, and restores the expression of tight junction
proteins such as zonula occludens-1 (ZO-1), occludin, and claudin-5. At the same time, by activating nuclear factor
erythroid 2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) signaling and inhibiting NF-kB signaling, it exerts
coordinated protective effects that integrate anti-inflammatory activity with barrier repair.”® Moreover, in chronic colitis
models, paeoniflorin has been shown to directly target Clqa, reduce the release of soluble Clq from macrophages,
enhance membrane-anchored Clqg-associated phagocytic clearance, and suppress C1q-mediated overactivation of Wnt/B3-
catenin signaling, thereby correcting aberrant intestinal stem cell proliferation and differentiation imbalance and
promoting mucosal structural reconstruction and restoration of homeostasis.”’ Taken together, paconiflorin not only
repairs the intestinal epithelial barrier and restores permeability homeostasis, but also promotes intestinal stem cell-
mediated mucosal regeneration, thereby exhibiting dual potential in IBD as both a mucosal protective agent and

a facilitator of tissue repair.'’-*%

Microbiota-Metabolite Interactions
In recent years, the gut microbiota and its metabolites have been increasingly recognized as a central link among mucosal
inflammation, immune dysregulation, and barrier damage. Accordingly, examining the mechanisms of paeoniflorin from
an integrated microbiota—metabolite—host response perspective may offer deeper insight into the basis of its intestinal
protective effects.>>>

Relevant studies have suggested that paconiflorin can alleviate colitis by modulating microbial composition and
microbial metabolism. First, in a model of enteritis aggravated by Porphyromonas gingivalis, paeoniflorin was shown to
improve gut microbial dysbiosis and correct abnormalities in pathways such as arginine biosynthesis, phenylalanine
metabolism, galactose metabolism, and arachidonic acid metabolism, accompanied by reduced inflammatory cytokine
levels and improved immune imbalance. These findings indicate that paeoniflorin can ameliorate inflammation through
coordinated regulation of both the intestinal microecology and metabolic networks.*® Second, in DSS-induced colitis,
paeoniflorin was found to reduce the level of the microbiota-derived tryptophan metabolite indole-3-lactic acid (ILA),
whereas exogenous ILA supplementation attenuated its protective effect. Further mechanistic studies showed that ILA
aggravates inflammatory injury by suppressing epithelial autophagy and activating mTOR, suggesting that paeoniflorin
may exert its protective action through correction of microbiota-derived metabolic disturbances and restoration of
epithelial autophagy.’! Third, paeoniflorin can also reduce the abundance and mucosal infiltration of Gram-positive
bacteria, inhibit activation of the MDP-triggered NOD2/RIP2/NF-«kB pathway, and downregulate multiple pro-
inflammatory mediators, thereby underscoring its potential to intervene in the pathogenic cascade linking microbial
compositional alterations, innate immune recognition, and inflammatory amplification®® (Figure 2).

Paeoniflorin in Functional Intestinal Disorders

Visceral Hypersensitivity and Neuroimmune Regulation
One of the core pathological bases of functional bowel disorders, particularly IBS, lies in visceral hypersensitivity and
abnormalities in gut-brain axis—neuroimmune regulation. Accordingly, alleviating pain sensitization, modulating
stress-related signaling, and intervening in neuroinflammatory networks have become important therapeutic
strategies. ">

Existing studies have shown that paconiflorin can markedly attenuate visceral hypersensitivity and abdominal pain-
related manifestations in multiple IBS-like models. In a study investigating the synergistic effects of active components
in Sini San, paeoniflorin was identified as one of the key constituents involved in IBS intervention. In combination with
synephrine and naringin, it increased the visceral pain threshold, alleviated pain sensitization, and acted on pathways
related to neuroactive ligand-receptor interaction, transient receptor potential (TRP) channel-mediated inflammatory
mediator regulation, and serotonergic synapses, suggesting its multi-target regulatory potential within the neuroinflam-
matory and neuroendocrine network.*® In a neonatal maternal separation-induced rat model of visceral hypersensitivity,
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Figure 2 Paeoniflorin alleviates inflammatory intestinal diseases through anti-inflammatory, immunomodulatory, barrier-repairing, and microbiota-regulating effects.
Paeoniflorin suppresses innate inflammatory signaling mainly through TLR4/NF-kB/MAPK, PI3K/AKT/mTOR, and NOD2/RIP2/NF-kB pathways; restores immune balance
by regulating dendritic cell maturation, Th17/Treg balance, eosinophil infiltration, and ILC3 responses; promotes epithelial barrier repair and regeneration by enhancing tight
junctions, Nrf2/HO-1| signaling, and intestinal stem cell-related repair; and modulates microbiota—metabolite interactions, including Gram-positive bacteria-related MDP
signaling and ILA-associated autophagy. Arrows indicate activation, upregulation, or promotion; blunt-ended lines indicate inhibition or suppression; upward and downward
arrows indicate increased and decreased expression or activity, respectively.

Abbreviations: IL, interleukin; TNF-a, tumor necrosis factor-o; MPO, myeloperoxidase; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; MHC-II, major
histocompatibility complex class Il; Foxp3, forkhead box P3; CCL, C-C motif chemokine ligand; CCR3, C-C chemokine receptor 3; Siglec-F, sialic acid-binding
immunoglobulin-like lectin F; DR3, death receptor 3; TRADD, TNFR-associated death domain protein; NCR, natural cytotoxicity receptor; ZO-I, zonula occludens-I;
Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; MDP, muramyl dipeptide; ILA, indole-3-lactic acid.

paeoniflorin also dose-dependently reduced colorectal distension-induced pain responses, with a relatively rapid onset of
analgesic action. Further evidence from central administration, brain region distribution, and receptor blockade experi-
ments suggested that its effects may primarily depend on the central nervous system and may be associated with
descending inhibitory pain pathways mediated by x-opioid receptors and a2-adrenergic receptors.**

Moreover, in maternal separation-induced IBS-like rats, paeoniflorin not only reduced the abdominal withdrawal
reflex (AWR) score and electromyographic (EMG) responses, thereby relieving visceral hypersensitivity, but also
improved anxiety-like behavior; decreased adrenocorticotropic hormone (ACTH), corticosterone (CORT), and cortico-
tropin-releasing hormone (CRH) levels; restored hippocampal glucocorticoid receptor (GR) expression; downregulated
corticotropin-releasing hormone receptor 1 (CRHRI1) in both the hippocampus and colon; and suppressed aberrant
activation of the colonic brain-derived neurotrophic factor (BDNF)/tropomyosin receptor kinase B (TrkB)/phospholipase
Cyl (PLCyl) signaling pathway. These findings suggest that paconiflorin can ameliorate stress-related pain amplification
in functional bowel disorders by modulating the hypothalamic—pituitary—adrenal (HPA) axis, the gut-brain axis, and
neuroplasticity-related pathways.°
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Intestinal Barrier Dysfunction in IBS

Both clinical and experimental studies suggest that a subset of patients with IBS exhibit increased intestinal permeability,
downregulation of tight junction proteins, disruption of the mucus layer, and persistent activation of low-grade
inflammation. These alterations allow luminal antigens, bacterial metabolites, and inflammatory mediators to more
readily access the mucosal immune system, thereby triggering or exacerbating abdominal pain, diarrhea, and stress-
related symptoms.’®>® Therefore, restoring barrier integrity, reducing intestinal hyperpermeability, and attenuating
secondary inflammatory activation have become important therapeutic goals.

Auvailable evidence has relatively consistently shown that paeoniflorin can ameliorate IBS-associated barrier injury
and increased permeability. In rat models of IBS, paeoniflorin treatment alleviated colonic mucosal structural disruption
and inflammatory cell infiltration, reduced fecal water content and related indicators such as D-lactate, TNF-a, and IL-1J,
and upregulated ZO-1 and occludin expression. Meanwhile, 16S ribosomal RNA (16S rRNA) analysis showed that
paconiflorin also increased beneficial bacteria, including Lactobacillus, Akkermansia, Alistipes, and Bacteroides, while
decreasing potentially detrimental taxa such as Desulfovibrio, Parasutterella, and Enterococcus, suggesting a coordinated
effect involving microbiota modulation, inflammation alleviation, and barrier repair.35 In CRF-induced IBS models,
paconiflorin not only improved anxiety-like behavior and visceral hypersensitivity, but also reduced FITC-dextran
permeability, increased goblet cell mucus secretion, restored tight junction ultrastructure, and upregulated occludin and
claudin-1. Mechanistically, these effects were associated with direct targeting of corticotropin-releasing factor receptor 1
(CRFR1) and inhibition of downstream Rho-associated coiled-coil containing protein kinase 2 (ROCK2)/myosin light
chain (MLC) pathway activation, indicating that paeoniflorin may interrupt barrier disruption by interfering with stress
receptor signaling.*® In addition, in a mouse model of IBS with diarrhea (IBS-D) induced by TNBS enema combined
with restraint stress, paconiflorin reduced the levels of diamine oxidase (DAO), D-lactic acid (D-LA), MPO, IL-1p,
interleukin-18 (IL-18), and TNF-o; ameliorated diarrhea, defecation frequency, and visceral hypersensitivity; and
restored claudin-1 and ZO-1 expression. Mechanistically, paeoniflorin downregulated microRNA-29a (miR-29a), upre-
gulated its target molecule nuclear factor-«B repressing factor (NKRF), and inhibited aberrant activation of the NF-xB/
NLR family pyrin domain-containing 3 (NLRP3)/apoptosis-associated speck-like protein containing a CARD (ASC)/
caspase-1 inflammasome pathway, thereby alleviating low-grade inflammation and re-establishing epithelial barrier
homeostasis'® (Figure 3).

Paeoniflorin in Intestinal Injury and Stress-Related Enteropathy

Anti-Inflammatory and Anti-Oxidative Protection
The development and progression of intestinal injury-related disorders and stress-associated intestinal diseases generally
involve the combined actions of multiple injurious mechanisms, including inflammation, ischemia-hypoxia, oxidative
stress, microcirculatory disturbance, and cell death, which together continuously disrupt mucosal architecture and
amplify local tissue injury.””-*°

Available studies indicate that paeoniflorin exerts clear protective effects across different models of stress-induced
intestinal injury. In intestinal ischemia-reperfusion models, paconiflorin markedly alleviates histopathological intestinal
damage, reduces inflammatory indicators such as IL-6, IL-1B, TNF-a, and MPO, and simultaneously decreases mal-
ondialdehyde (MDA) while increasing superoxide dismutase (SOD) and glutathione (GSH) levels, suggesting that it is
capable of concurrently suppressing inflammatory responses and attenuating oxidative stress.’’ Further studies have
shown that paeoniflorin upregulates Bel-2 while downregulating Bax and cleaved caspase-3/caspase-9, thereby attenuat-
ing epithelial cell apoptosis. It also restores autophagic flux, enhances Beclin-1 and LC3-II expression, promotes p62
degradation, and activates LKB1/AMPK signaling. Notably, knockdown of LKB1 markedly weakens its pro-autophagic,
anti-inflammatory, and anti-apoptotic effects, indicating that the LKB1/AMPK-mediated restoration of autophagy is
a key mechanism underlying its protective effect against intestinal ischemic injury.>’

In models of radiation enteritis, paeoniflorin likewise reduces mortality, ameliorates body weight loss, mucosal
damage, and inflammatory cell infiltration, and restores local intestinal blood flow, suggesting that its effects extend
beyond anti-inflammation to the alleviation of ischemic alterations following radiation injury.*® Mechanistically,
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Figure 3 Paeoniflorin improves functional intestinal disorders by regulating visceral hypersensitivity, gut-brain stress signaling, and epithelial barrier dysfunction. In IBS-like
models, paeoniflorin may reduce visceral hypersensitivity by modulating HPA-axis activity, restoring glucocorticoid receptor signaling, inhibiting BDNF/TrkB/PLCy|
activation, and engaging possible central descending inhibitory pathways. It also improves barrier dysfunction by targeting CRHRI and inhibiting ROCK2/MLC signaling,
restoring tight junction proteins and mucus secretion, modulating gut microbiota, and suppressing the miR-29a/NKRF/NF-kB/NLRP3 inflammasome axis. Arrows indicate
activation, upregulation, or promotion; blunt-ended lines indicate inhibition or suppression; upward and downward arrows indicate increased and decreased expression or
activity, respectively.

Abbreviations: IBS, irritable bowel syndrome; CNS, central nervous system; CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic hormone; CORT,
corticosterone; GR, glucocorticoid receptor; BDNF, brain-derived neurotrophic factor; TrkB, tropomyosin receptor kinase B; PLCyl, phospholipase Cyl; CRHRI,
corticotropin-releasing hormone receptor |; ROCK2, Rho-associated coiled-coil containing protein kinase 2; MLC, myosin light chain; NKRF, nuclear factor-«kB repressing
factor; NLRP3, NLR family pyrin domain-containing 3; ASC, apoptosis-associated speck-like protein containing a CARD.

paconiflorin upregulates the growth arrest-specific 6 (Gas6)/AXL receptor tyrosine kinase (Axl)/suppressor of cytokine
signaling 3 (SOCS3) axis, thereby inhibiting the apoptosis signal-regulating kinase 1 (ASK1)/tissue factor (TF) signaling
pathway, reducing TF-related microthrombosis and microcirculatory dysfunction, and ultimately attenuating radiation-
induced intestinal injury through multiple coordinated processes, including suppression of inflammation, improvement of
perfusion, and reduction of secondary tissue damage.*®

Preservation of Mucosal Integrity
In stress-related intestinal disorders, impaired mucosal integrity can further aggravate inflammation and hinder repair
through barrier disruption, increased permeability, and microecological imbalance. Therefore, protecting mucosal
architecture, preserving barrier function, and reconstructing the local microecological environment are important
therapeutic objectives.®

Studies have shown that, in a model of aspirin-induced small intestinal enteropathy combined with simulated high-
altitude hypoxia, hypoxia exacerbates small intestinal mucosal injury, whereas paeoniflorin dose-dependently ameliorates
body weight loss and histopathological damage. In addition, paeoniflorin reduces inflammatory and oxidative stress-
related indicators, including IL-1B, TNF-a, and MPO, while increasing interleukin-10 (IL-10), SOD, and the expression
of ZO-1 and occludin, suggesting that it exerts both anti-inflammatory and barrier-repairing effects.*> Mechanistically,
paeoniflorin suppresses TLR4/NF-kB signaling and reshapes the gut microbial community structure, thereby producing
an integrated protective effect characterized by inflammation inhibition, barrier repair, and restoration of microbiota
homeostasis (Figure 4).
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Figure 4 Paeoniflorin protects against intestinal injury and stress-related enteropathy through anti-inflammatory, pro-autophagic, microcirculatory, and barrier-preserving
effects. Paeoniflorin attenuates intestinal ischemia-reperfusion injury, radiation enteritis, and stress-related enteropathy by reducing inflammatory mediators and oxidative
stress, activating LKB|/AMPK-mediated autophagy, inhibiting epithelial apoptosis, improving Gas6/AxI/SOCS3-mediated microcirculatory protection, suppressing ASK1/TF-
related microthrombosis, and preserving mucosal integrity through TLR4/NF-kB inhibition, tight junction restoration, and gut microbiota regulation. Arrows indicate
activation, upregulation, or promotion; blunt-ended lines indicate inhibition or suppression; upward and downward arrows indicate increased and decreased expression or
activity, respectively.

Abbreviations: MDA, malondialdehyde; SOD, superoxide dismutase; GSH, glutathione; LKBI, liver kinase BI; AMPK, AMP-activated protein kinase; LC3-Il, microtubule-
associated protein | light chain 3-Il; p62, sequestosome |; Gasé, growth arrest-specific 6; Axl, AXL receptor tyrosine kinase; SOCS3, suppressor of cytokine signaling 3;
ASK |, apoptosis signal-regulating kinase |; TF, tissue factor; ZO-I, zonula occludens-1.

Paeoniflorin in Colorectal Cancer and Colitis-Associated Tumorigenesis
Direct Anti-Tumor Effects

CRC is one of the most common malignant tumors of the digestive tract,’' and its initiation and progression involve
multiple key processes, including aberrant tumor cell proliferation, evasion of apoptosis, enhanced invasion and
metastasis, and EMT.%%%3

Auvailable studies indicate that paeoniflorin exerts relatively clear direct antitumor activity against CRC. On the one
hand, in HCT116 and SW480 cells, paconiflorin dose-dependently inhibits cell proliferation, migration, and invasion, and
reverses EMT by upregulating E-cadherin while downregulating vimentin and histone deacetylase 2 (HDAC?2), thereby
reducing the invasive and metastatic potential of tumor cells. In an in vivo nude mouse model of liver metastasis,
paeoniflorin likewise decreases both the number and volume of hepatic metastatic lesions, providing further in vivo
support for its antimetastatic effects.*” On the other hand, in HT29 cells and nude mouse xenograft models, paeoniflorin
suppresses tumor cell growth and induces cell-cycle arrest and apoptosis. These effects are associated with upregulation
of tumor protein p53 (p53), modulation of 14-3-3-related proteins, activation of caspase-3/caspase-9, and an increased
Bax/Bcl-2 ratio. In vivo, paeoniflorin also reduces the positivity rate of proliferating cell nuclear antigen (PCNA) and
increases the number of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells, without
showing obvious hematological toxicity.*'
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The direct antitumor effects of paeoniflorin in CRC are mainly manifested as a continuous process of inhibiting
proliferation, inducing apoptosis, suppressing migration and invasion, and restraining metastatic progression. Current
evidence suggests that paconiflorin does not merely confer indirect benefit by improving the intestinal inflammatory
milieu, but can also directly interfere with the malignant phenotype of tumor cells. Therefore, it has a sound experimental

basis as a potential candidate for adjuvant therapy in CRC.***!

Molecular Targets in Colorectal Cancer

With advances in mechanistic studies of CRC, the maintenance of tumor stemness, aberrant activation of Wnt/p-catenin
signaling, dysregulation of the cell cycle, and disruption of transcriptional regulatory networks have been recognized as
major drivers of persistent tumor progression and therapeutic resistance.®*®> Compared with nonspecific cytotoxic
effects, identifying the key molecular targets of paeoniflorin in CRC may help clarify its deeper antitumor mechanisms
and better support subsequent mechanistic integration and translational research.

Studies have shown that paeoniflorin suppresses sphere formation, EMT, and stemness-related phenotypes in
HCT116 and SW480 cells, while downregulating OCT4, Nanog, Sox2, p-B-catenin, Axin2, and C-myc. Further
mechanistic investigations demonstrated that paeoniflorin downregulates abnormally elevated microRNA-3194-5p
(miR-3194-5p) and upregulates its target gene catenin beta interacting protein 1 (CTNNBIP1), thereby inhibiting
Wnt/B-catenin signaling and weakening tumor cell stemness. Overexpression of miR-3194-5p or knockdown of
CTNNBIPI partially reverses these effects, suggesting that the miR-3194-5p/CTNNBIP1/Wnt/B-catenin axis is an
important pathway underlying the action of paeconiflorin.*? In addition, in HCT116 cells, paconiflorin markedly
decreases the mRNA and protein expression of forkhead box M1 (FoxM1), while increasing the expression of its
downstream cell-cycle inhibitory molecules p21 and p27, and inducing GO/G1-phase arrest, apoptosis, and reduced
migratory and invasive capacities. Moreover, FoxM1 overexpression partially reverses the inhibitory effects of
paeoniflorin, whereas FoxM1 knockdown further enhances its antitumor activity, indicating that FoxM1 is another
key molecular target through which paconiflorin suppresses CRC progression.*

Mechanistic research on paeoniflorin in CRC has progressed beyond simple phenotypic inhibition to the level of
target-specific intervention. Current evidence indicates that paeoniflorin can both suppress tumor stemness by modulating
the miRNA—target gene network and interfere with cell-cycle progression, invasion, and metastasis through down-
regulation of FoxM1, highlighting its distinct multi-target properties. Nevertheless, the available evidence in this area is
still derived mainly from in vitro cell-based studies, and additional animal and preclinical investigations are needed to
verify the stability and translational relevance of these molecular targets in vivo.

Chemopreventive Potential in CAC

Colitis-associated colorectal cancer (CAC) is a representative form of tumorigenic transformation that arises after
prolonged chronic intestinal inflammation. Its pathological nature is characterized not by inflammation alone or
tumorigenesis alone, but rather by the reciprocal promotion and stepwise evolution of both processes within the
same disease continuum.''-°®” Persistent inflammatory stimulation can drive abnormal epithelial proliferation,
dysplasia, and ultimately malignant transformation through sustained activation of pro-inflammatory cytokines,
aberrant immune responses, barrier disruption, and local carcinogenic signaling.®® Therefore, molecules capable of
simultaneously targeting the inflammatory microenvironment and tumor-promoting pathways are often of parti-
cular value for the chemoprevention and early intervention of CAC.

Available studies indicate that paconiflorin exhibits relatively clear chemopreventive potential in CAC models. In an
azoxymethane (AOM)/DSS-induced mouse model of CAC, network pharmacology and molecular docking analyses
suggested that IL-6 may represent a key target of paeoniflorin. Animal experiments further confirmed that paeonifiorin
improves survival, reduces the number and volume of colonic tumors, alleviates colonic inflammation and histopathological
injury, and decreases the expression of proliferation markers such as Ki-67 and PCNA. Mechanistically, paeoniflorin
downregulates IL-6 levels in both serum and colonic tissue, inhibits signal transducer and activator of transcription 3
(STAT3) phosphorylation, and reduces local IL-17A expression, suggesting that it primarily delays CAC progression by
suppressing the IL-6/STAT3 inflammation-driven oncogenic signaling axis.”' Another study, using both an AOM/DSS-
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Figure 5 Paeoniflorin suppresses CRC and CAC through cell-autonomous anti-tumor effects and inhibition of inflammation-driven tumorigenesis. In CRC, paeoniflorin
inhibits EMT, migration, invasion, proliferation, tumor growth, and stemness by regulating E-cadherin/vimentin/HDAC2, p53/caspase signaling, miR-3194-5p/CTNNBIP|/Wnt/
fB-catenin signaling, and FoxM1/p21/p27-mediated cell-cycle control. In CAC, paeoniflorin may interrupt the inflammation-to-cancer continuum by suppressing IL-6/STAT3,
IL-17A, TLR4/NF-kB, and EGFL7-related signaling, thereby reducing inflammatory injury, barrier damage, tumor burden, and CAC progression. Arrows indicate activation,
upregulation, or promotion; blunt-ended lines indicate inhibition or suppression; upward and downward arrows indicate increased and decreased expression or activity,
respectively.

Abbreviations: CRC, colorectal cancer; CAC, colitis-associated colorectal cancer; EMT, epithelial-mesenchymal transition; HDAC2, histone deacetylase 2; PCNA,
proliferating cell nuclear antigen; CTNNBIPI, catenin beta interacting protein |; FoxM|, forkhead box MI; STAT3, signal transducer and activator of transcription 3;
EGFL7, epidermal growth factor-like domain-containing protein 7.

induced CAC model and colon cancer cell experiments, similarly found that paconiflorin significantly reduces tumor burden,
attenuates inflammatory cell accumulation and intestinal mucosal barrier injury, and downregulates inflammatory cytokines
including TNF-a, IL-1f, IL-6, and IL-13, while also inhibiting TLR4/NF-«xB signaling and epidermal growth factor-like
domain-containing protein 7 (EGFL7) expression. In vitro, paeoniflorin also suppresses cancer cell proliferation, migration,
invasion, and colony formation while promoting apoptosis, indicating that it not only improves the inflammatory micro-
environment but also directly blocks inflammation-driven tumor deterioration*® (Figure 5).

The significance of paeoniflorin in CAC is better understood as that of an intervention molecule targeting the
inflammation-to-carcinogenesis continuum. It can both alleviate chronic inflammation and the amplification of tumor-
promoting signals, and inhibit tumor cell proliferation and metastasis-related behaviors, thereby showing considerable
theoretical promise for chemoprevention and early intervention. Although current studies remain largely limited to
animal and cell-based models, they already suggest that paconiflorin may be relevant not only to isolated IBD or CRC,
but may be particularly well suited for intervention research in inflammation-driven tumorigenesis.
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Derivatives, Formulations, and Translational Extension

Formulation Optimization and Colon-Targeted Delivery

For natural bioactive compounds such as paeoniflorin, their clinical translational value depends not only on whether they
possess anti-inflammatory or barrier-protective activities per se, but also to a great extent on their delivery efficiency
within the intestine, local retention capacity, and effective exposure at the lesion site. This is particularly relevant in
diseases such as ulcerative colitis, which are characterized by localized colonic inflammation and barrier disruption. In
such settings, improving site-specific drug release and local bioavailability in the colon is a critical step in translating
natural products from pharmacologically active compounds into clinically applicable therapeutic agents.®® !

Available studies suggest that formulation optimization can further enhance the intestinal protective effects of
paconiflorin. For example, an oral colon-targeted bigel co-loaded with patchouli oil and paconiflorin has been shown
to meet the dual delivery requirements of both hydrophilic and hydrophobic active components, while exhibiting more
pronounced overall protective effects than administration of the individual constituents alone at both the cellular and
animal levels. Specifically, this bigel formulation alleviates DSS-induced body weight loss, elevated DAI, and colon
shortening, improves mucosal structural damage and goblet cell depletion, and reduces the levels of inflammatory
cytokines such as IL-1B, IL-6, and TNF-a. At the same time, it restores the expression of barrier-related molecules
including ZO-1, occludin, claudin-4, and mucin 2 (MUC-2), and promotes an increase in M2 macrophages while
reducing neutrophil and CD8" T-cell infiltration, suggesting that the optimized delivery system can simultaneously
potentiate the anti-inflammatory, barrier-repairing, and immunomodulatory effects of paconiflorin.”* Beyond improving
colonic targeting, the manner in which paeoniflorin is incorporated into a delivery matrix may directly influence its
release kinetics and local pharmacodynamic effects. For hydrogel-, bigel-, nanoparticle-, or polymer-based systems,
material swelling, erosion, enzymatic degradation, pH responsiveness, and mucoadhesive retention can affect the timing,
rate, and spatial distribution of paeoniflorin release in the inflamed intestine. These parameters are translationally
important because sustained local exposure may be required not only for suppressing inflammatory cytokine production,
but also for maintaining effective concentrations that support epithelial barrier restoration, intestinal stem cell-mediated
regeneration, and functional mucosal recovery. Future formulation studies should therefore report not only therapeutic
endpoints, but also drug loading efficiency, encapsulation efficiency, in vitro and ex vivo release profiles, degradation

behavior, local colonic concentration, and exposure—response relationships.®®~"2

Pharmacokinetic Modulation and Compatibility-Dependent Exposure

Another key challenge frequently encountered in the clinical translation of natural products is insufficient in vivo
exposure, an incomplete understanding of pharmacokinetic behavior under pathological conditions, and the difficulty
of predicting how multi-component formulations may affect absorption and distribution.”**”* For paeoniflorin, efficacy
evaluation should not remain limited to the question of whether it is effective; it is also necessary to determine whether
its systemic exposure and local bioavailability vary across different disease states, dosing frequencies, and compatibility
contexts, and whether such changes may in turn influence therapeutic efficacy.”

In this regard, several studies have provided valuable supplementary evidence from a pharmacokinetic perspective.
First, in a dinitrobenzene sulfonic acid (DNBS)-induced colitis model, repeated high-dose administration of Moutan
Cortex extract increased systemic exposure to paeoniflorin, accompanied by improvements in body weight loss, disease
activity index, and colonic injury. These changes were also associated with downregulation of matrix metalloproteinase-9
(MMP-9), transforming growth factor-p1 (TGF-B1), and AMPK, together with upregulation of occludin, suggesting
a potential link between enhanced in vivo exposure of paconiflorin and its barrier-protective as well as anti-inflammatory
benefits.”® Second, in IBS model rats, a polysaccharide-containing multi-herb formulation significantly increased the
maximum plasma concentration (Cmax) and area under the concentration-time curve (AUC) of multiple active con-
stituents, including paeoniflorin. After depletion of the gut microbiota, however, this exposure-enhancing effect was
markedly attenuated, indicating that the absorption and bioavailability of paeoniflorin are influenced not only by co-
administered components but also closely related to the participation of the gut microbiota.”” These findings suggest that,
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in the context of intestinal diseases, the in vivo disposition of paconiflorin may not be fixed, but rather jointly regulated
by disease status, formulation compatibility, and the intestinal microecological environment.

Taken together, pharmacokinetic and compatibility studies have advanced our understanding of paeoniflorin beyond
that of a compound with demonstrated efficacy, positioning it instead as a candidate drug with considerable potential for
further optimization. Although the current evidence remains insufficient to establish a complete model for clinical
pharmacokinetic translation, it already suggests two important points: first, repeated dosing and dose design may
substantially affect the in vivo exposure of paeoniflorin; second, formulation context and the gut microbiota may reshape
its absorption process. Accordingly, future development of paeoniflorin should not focus solely on pharmacodynamic
endpoints, but should also systematically incorporate factors such as dosing regimen, compatibility conditions, and
microecological background in order to enhance its true translational value.

Structural Modification and Derivative Development

Although natural paeoniflorin itself has already demonstrated certain anti-inflammatory, barrier-protective, and immu-
nomodulatory potential, the parent molecule may still have limitations in terms of pharmacological potency, target
specificity, stability, and druggability. Therefore, structural modification of paconiflorin to develop derivatives with
greater activity or novel mechanistic features represents an important direction for advancing this class of compounds
from basic research toward candidate drug development.

At present, two representative studies support this concept. First, the paconiflorin derivative CP-25 has shown clear
protective effects in both a TNF-a-induced Caco-2 cell model of barrier injury and a DSS-induced mouse model of
colitis. CP-25 increases TEER, reduces fluorescent permeability, restores the expression of ZO-1 and occludin, decreases
epithelial cell apoptosis, and suppresses the release of inflammatory cytokines such as IL-1p, IL-6, and interleukin-8 (IL-
8). Mechanistically, CP-25 primarily acts by inhibiting activation of ERK1/2-NF-«kB signaling, reducing the membrane
translocation of G protein-coupled receptor kinase 2 (GRK2) and B-arrestin 2, and restoring their cytoplasmic inhibitory
effects on ERK1/2, thereby maintaining intestinal epithelial barrier homeostasis.”® Second, another structurally modified
product, benzoylpaeoniflorin (BP), has also been shown to markedly attenuate body weight loss, increased DAI, colonic
injury, and barrier disruption in both DSS-induced ulcerative colitis mice and DSS-stimulated NCM460 intestinal
epithelial cells, while upregulating the expression of tight junction proteins such as ZO-1 and occludin. More importantly,
BP does not act merely through conventional anti-inflammatory mechanisms, but instead exerts anti-inflammatory and
mucosal protective effects by targeting phosphogluconate dehydrogenase (PGD), restoring pentose phosphate pathway
activity, suppressing ferroptosis in intestinal epithelial cells, and activating the Nrf2/solute carrier family 7 member 11
(SLC7A11l)/glutathione peroxidase 4 (GPX4) axis, suggesting that paeoniflorin derivatives may acquire mechanistic
features more distinctive than those of the parent compound.”

Overall, studies on structural modification indicate that paconiflorin is not merely a natural product suitable for direct
application, but also a lead scaffold with substantial room for further optimization. Whether reflected in the enhanced
regulation of barrier-related signaling by CP-25 or the novel mechanisms of BP in anti-ferroptosis and metabolic
reprogramming, current evidence suggests that the development of paeoniflorin derivatives may represent a key direction

for expanding its therapeutic indications in intestinal diseases and improving its druggability.

Translational Extension: From Active Natural Compound to Drug Development
Candidate

Overall, research on paeoniflorin in intestinal diseases has moved beyond the preliminary question of whether the
isolated compound is effective, and is gradually extending toward issues more directly relevant to drug development,
including formulation optimization, pharmacokinetic modulation, mechanisms of multi-herb compatibility, and structural
modification (Table 2). This research trajectory in fact reflects a broader trend in the translation of natural products: only
by integrating pharmacological activity, delivery, exposure, and druggability can the preclinical value of a candidate

molecule be truly maximized.
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Table 2 Condensed Summary of the Translational Extension of Paeoniflorin

Translational

Representative

Major Issue

Main Translational Implication

Representative

targeting PGD

with novel

mechanistic specificity

Direction Strategy Addressed References
Formulation Colon-targeted bigel co- Limited colonic Optimized delivery can enhance anti- [72]
optimization delivering paeoniflorin delivery and local inflammatory, barrier-protective, and
and patchouli oil retention immunomodulatory efficacy in colitis
Pharmacokinetic Repeated administration Low exposure and In vivo exposure may vary with dosing schedule [76]
modulation in colitis models disease-state PK and disease condition, potentially influencing
uncertainty therapeutic outcomes
Compatibility- and Multi-herb formulation Poor predictability of Paeoniflorin exposure is shaped by both [77]
microbiota- with microbiota absorption in compatibility context and gut microbiota,
dependent involvement complex formulations supporting integrated PK/PD evaluation
exposure
Structural CP-25 Limited potency and Derivative development may improve activity, [78]
modification druggability of the mechanistic specificity, and translational value
parent compound
Benzoylpaeoniflorin (BP) | Need for derivatives Introduces a PGD/PPP-centered anti-ferroptotic [79]

mechanism with barrier-protective and anti-

colitis potential

Abbreviations: PK, pharmacokinetics; PK/PD, pharmacokinetic/pharmacodynamic.

Based on the current evidence, the translational extension of paeoniflorin is mainly reflected in three complementary
pathways. First, targeted formulations may improve colonic delivery efficiency and enhance local therapeutic efficacy.””
Second, PK and multi-herb compatibility studies may help clarify the tunability of its in vivo exposure and its
dependence on the intestinal microecological environment.”®’” Third, structural modification may yield derivatives
with greater activity, novel mechanisms, or improved druggability.”®”® For paeoniflorin-based interventions, clinical
viability should not be judged solely by pharmacological activity in experimental models. A clinically viable strategy
would need to satisfy several interconnected criteria: sufficient systemic or local bioavailability at the intestinal lesion
site; reproducible and controllable release behavior; an acceptable safety margin after repeated administration; formula-
tion stability and scalable manufacturing; compatibility with standard quality-control requirements; and a feasible
regulatory pathway. For colon-targeted oral formulations, development may be relatively more straightforward if the
product can be regulated as a conventional drug product with well-characterized composition, release specifications, and
pharmacokinetic behavior. By contrast, delivery platforms that combine paeoniflorin with device-like components,
biologics, or complex multifunctional carriers may raise additional regulatory considerations, including product classi-
fication, quality documentation, review-strategy issues, and potential combination-product concerns.

Current Clinical Evidence and Evidence Gap

At present, published direct clinical evidence supporting paconiflorin as a treatment for intestinal diseases remains
limited. Although paconiflorin-containing preparations have been investigated in human pharmacokinetic or non-
intestinal clinical studies, these data cannot be directly extrapolated to IBD, IBS, CRC, or CAC.**®! Therefore, current
translational claims for intestinal diseases should remain grounded in preclinical evidence. Future clinical development
should begin with standardized paeoniflorin preparations or clearly defined formulations, followed by Phase I safety and
pharmacokinetic studies, biomarker-based proof-of-mechanism studies, and carefully selected early-phase trials in
disease settings where paeoniflorin’s mechanisms are most biologically plausible, such as barrier repair in ulcerative
colitis, pain-predominant or diarrhea-predominant IBS, and chemoprevention in high-risk inflammation-associated

populations, 17:19:21:28:43.82
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Discussion

Taken together, the available evidence indicates that the effects of paeoniflorin in intestinal diseases are not confined to
a single pathological node, but rather exhibit multi-target regulatory properties across disease spectra and biological
hierarchies. In IBD, functional bowel disorders, stress-related intestinal injury, CRC, and CAC, its overall protective
pattern is relatively consistent, namely, suppression of aberrant inflammatory activation, maintenance or reconstruction of
the epithelial barrier, modulation of host immunity and microecological interactions, and, in specific contexts, further
regulation of the gut-brain axis or inflammation-driven tumorigenic transformation.

Nevertheless, several important limitations in the current body of evidence should be acknowledged. First, most available
studies remain at the cell and animal levels, and substantial heterogeneity exists among studies in terms of model selection, dose
regimens, treatment windows, endpoint measurements, and the depth of mechanistic validation, making cross-study comparisons
difficult.” Second, paconiflorin itself faces druggability-related barriers, including low bioavailability, limited membrane
permeability, and insufficient in vivo exposure, whereas the relationship among effective dose, local exposure, and pharmaco-
dynamic outcome remains insufficiently characterized in most current studies.”>**** Third, although some studies have begun to
address the influence of multi-herb formulations, the gut microbiota, and disease status on the pharmacokinetic behavior of
paeoniflorin, systematic pharmacokinetic/pharmacodynamic (PK/PD) evidence is still clearly lacking, and the extrapolation of
preclinical findings to human dosing, exposure, and efficacy remains insufficiently developed.”*™ Finally, many proposed key
targets are still inferred from correlative omics, docking, or pathway-intervention data, whereas direct target engagement and
causal validation remain limited in most current studies. Therefore, a more cautious conclusion at this stage is that paconiflorin
possesses considerable preclinical development potential, but a sufficiently robust and clinically translatable evidence chain has
not yet been established. To further strengthen the translational framework of paeoniflorin research, future studies should
incorporate preclinical-to-clinical extrapolation strategies. Network pharmacology may be useful for integrating the multi-
target and multi-pathway characteristics of paeoniflorin, particularly in the context of traditional Chinese medicine-derived
natural products, and for prioritizing candidate targets, signaling networks, and pharmacodynamic biomarkers for subsequent
experimental validation.*® However, network-based predictions should be regarded as hypothesis-generating rather than con-
firmatory and should be combined with molecular docking, omics-based validation, direct target engagement assays, and disease-
relevant functional readouts. In parallel, allometric scaling may provide an initial quantitative approach for extrapolating animal
pharmacokinetic parameters or effective exposure ranges to humans, thereby supporting preliminary dose estimation and study
design.®” Nevertheless, such extrapolation should be interpreted cautiously because paconiflorin has low oral bioavailability and
its intestinal absorption may be influenced by gut microbiota, disease status, and formulation context. Physiologically based
pharmacokinetic (PBPK) modeling may offer a more mechanistic framework by integrating physicochemical properties,
intestinal permeability, metabolism, transporter involvement, gastrointestinal physiology, disease-related changes, and formula-
tion-dependent release profiles.®® In this regard, combining network pharmacology, allometric scaling, PBPK modeling, and
experimental PK/PD validation may help bridge the gap between current preclinical evidence and rational clinical development of
paeoniflorin-based interventions.

Based on the above analysis, future research should proceed in three major directions. First, stronger emphasis should be
placed on closed-loop mechanistic validation, particularly with respect to the microbiota—metabolite—host response axis, the
immune cell-intestinal stem cell interaction axis, and the gut-brain axis—barrier—symptom phenotype framework. By integrating
organoid models, coculture systems, single-cell transcriptomics, spatial omics, and target validation strategies, future studies
should distinguish the core primary effects of paconiflorin from secondary downstream changes.* > Second, translational
optimization should be further promoted, including colon-targeted delivery, nanomedicine design, enhanced local retention,
derivative development, and pharmacokinetic evaluation under disease conditions, in order to address the practical bottleneck of
compounds that are effective but fail to adequately reach the lesion site.”* °° Third, research should be designed around questions
that are more clinically relevant; for example, focusing on barrier healing and relapse prevention in IBD, on pain-predominant or
IBS-D subtypes in IBS,*>*7 and on early chemoprevention in high-risk inflammatory populations in CAC.”*'°! Only through
the progressive integration of mechanistic validation, delivery optimization, and disease stratification can paeoniflorin truly evolve
from a bioactive natural product into a candidate intestinal therapeutic molecule with meaningful developmental potential.

Overall, research on paeoniflorin in intestinal diseases has gradually shifted from the early stage of simply determining
whether it has pharmacological activity to a more advanced stage focused on clarifying its multi-level mechanisms and optimizing
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its translational pathway. Its greatest appeal lies not merely in the fact that it has shown activity across multiple intestinal disease
models, but in that these diseases share common pathological axes, including barrier disruption, immune dysregulation,
microecological imbalance, stress amplification, and inflammation-driven carcinogenesis, all of which appear to be modulated
by paconiflorin to some extent in a coordinated manner. Therefore, paconiflorin may be more appropriately regarded as
a candidate molecule with systemic interventional potential. With further advances in mechanistic validation, pharmacokinetic
optimization, and precision disease stratification, its prospects in the field of intestinal diseases remain worthy of continued
attention.

Conclusion and Translational Perspective

In conclusion, paconiflorin represents a promising multi-target natural compound for intestinal disease intervention, with
preclinical evidence supporting its roles in suppressing inflammation, restoring epithelial barrier integrity, modulating immune
and microbiota-related networks, reducing visceral hypersensitivity, and interfering with inflammation-driven colorectal tumor-
igenesis. However, its current developmental status should be viewed as preclinical rather than clinically established. The next
stage of research should move beyond descriptive efficacy studies and focus on building a translational evidence chain that
includes standardized preparations, optimized colon-targeted delivery, defined release and exposure profiles, PK/PD modeling,
direct target validation, repeated-dose safety assessment, and disease-specific patient stratification. From this perspective,
paeoniflorin is unlikely to progress simply as a conventional natural product; instead, its clinical potential will depend on whether
formulation science, pharmacokinetic optimization, and mechanism-based clinical positioning can be integrated into a coherent
development strategy.
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