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ARTICLE INFO ABSTRACT

Keywords: Rheumatological diseases encompass a wide range of conditions primarily affecting the musculoskeletal system.
Polydatin They represent a significant burden on modern society, affecting millions of people worldwide. These chronic
Polyphenols

and debilitating conditions require long-term management and a multidisciplinary approach that combines
pharmacological interventions with lifestyle modifications for optimal patient outcomes. In this context, diet is
emerging as a crucial support in managing rheumatological diseases. Certain dietary patterns and specific nu-
trients can play a significant role in reducing inflammation, alleviating symptoms, and potentially slowing
disease progression. Bioactive compounds, which are found in many plant-based foods and are abundant in the
Mediterranean diet, are increasingly being recognized as valuable supports to traditional treatments in arthritis.
Among them, polydatin has shown potent antioxidant and anti-inflammatory properties.

This review aims to comprehensively examine the therapeutic potential of polydatin in various rheumato-
logical diseases, including rheumatoid arthritis, osteoarthritis, crystal-induced arthritis, spondyloarthritis, and
systemic lupus erythematosus. Articles included have been identified using keyword-based searches in multiple
scientific databases, including PubMed and Scopus.

The review highlights polydatin's multi-targeted mechanisms, including antioxidant activity, modulation of
inflammatory pathways, regulation of apoptosis and autophagy, and direct interactions with molecular targets
like sirtuin 1 and chemokine receptor type 1. Although clinical studies specifically investigating polydatin in
rheumatological conditions are scarce, the translational potential of this compound is supported by randomized
controlled trials involving other human inflammatory and pain-related disorders. Polydatin's favorable phar-
macokinetic profile, enhanced bioavailability, and diverse biological actions position it as a promising natural
compound for managing rheumatological diseases.

Rheumatic diseases
Anti-inflammatory
Antioxidant
Immunomodulation

most frequent, rheumatoid arthritis (RA), osteoarthritis (OA), spondy-
loarthritis (SpA), and crystal-induced arthritis (CIA) affect primarily the
joint, while connective tissue diseases, including systemic lupus ery-
thematosus (SLE), can affect various organs and tissues.

RA and SLE are autoimmune conditions characterized by a break-
down in immune tolerance, leading to the production of autoantibodies
that target the body's own tissues: the synovium in RA, and multiple
organs including the kidney, skin, and joints in SLE (Dai et al., 2025;
Scherer et al., 2020). The pathological process begins with a complex
interplay between genetic predisposition and environmental factors,
including cigarette smoking, particulate matter and infections and is

1. Introduction

Rheumatological diseases encompass a wide range of conditions
primarily affecting the musculoskeletal system, including joints, mus-
cles, bones, and connective tissues. They represent a significant social
burden, affecting millions of people worldwide. These conditions have a
profound effect on patients' quality of life and healthcare systems (GBD
2021 Other Musculoskeletal Disorders Collaborators, 2023).

Clinically, rheumatic diseases are characterized by chronic pain,
inflammation, and, in many cases, progressive disability. Among the
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Abbreviations NETs/NETosis Neutrophil extracellular traps/neutrophil
extracellular trap formation
ACLT Anterior cruciate ligament transection NF-kB  Nuclear factor kappa-light-chain-enhancer of activated B
ADAMTS-5 A disintegrin and metalloproteinase with cells
thrombospondin motifs 5 NLRP3  NOD-like receptor family pyrin domain-containing 3
AMPK  AMP-activated protein kinase NO Nitric oxide
AS Ankylosing spondylitis Nrf2 Nuclear factor erythroid 2-related factor 2
Bax Bcl-2-associated X protein OA Osteoarthritis
Bcl-2 B-cell lymphoma 2 PBMCs Peripheral blood mononuclear cells
BLC B lymphocyte chemoattractant PD Polydatin
CIA Crystal-induced arthritis PGE;, Prostaglandin E2
COX-2  Cyclooxygenase-2 PIL Pristane-induced lupus
CPP Calcium pyrophosphate PPAR-y Peroxisome proliferator-activated receptor gamma
CRP C-reactive protein PsA Psoriatic arthritis
CFA Complete Freund's adjuvant RA Rheumatoid arthritis
CXCL1 C-X-C motif chemokine ligand 1 RANKL Receptor activator of nuclear factor kB ligand
DMM Destabilization of the medial meniscus ROS Reactive oxygen species
EGCG  Epigallocatechin-3-gallate SGLT1  Sodium-dependent glucose transporter 1
ESR Erythrocyte sedimentation rate SIRT Sirtuin
FLS Fibroblast-like synoviocytes SLE Systemic lupus erythematosus
GBD Global Burden of Disease SpA Spondyloarthritis
HA Hyaluronic acid STAT3  Signal transducer and activator of transcription 3
HPLC High-performance liquid chromatography SOD2 Superoxide dismutase 2
iNOS Inducible nitric oxide synthase TNF-a  Tumor necrosis factor alpha
IL Interleukin VEGF Vascular endothelial growth factor
MIA Monosodium iodoacetate VEGFR2 Vascular endothelial growth factor receptor 2
MMP Matrix metalloproteinase WOMAC Western Ontario and McMaster Universities Osteoarthritis
MSU Monosodium urate Index
mtROS  Mitochondrial reactive oxygen species

driven by the dysregulation and hyperactivity of both B and T lym-
phocytes. In contrast to these autoimmune conditions, SpA (Kocatiirk
et al.,, 2022) and CIA (Pascart et al., 2024) are inflammatory chronic
diseases affecting, respectively, the spine, entheses, and peripheral
joints. Both are characterized by the release of circulating inflammatory
cytokines and metalloproteinases which progressively lead to tissue
damage. In CIA these cytokines are induced after the deposition of
pathogenic crystals into the articular and periarticular tissues. Finally,
the hallmark of OA, which is the most common form of arthropathy, is
the progressive degeneration and breakdown of cartilage and underly-
ing bone, often accompanied by low-grade inflammation (He et al.,
2020).

All these chronic and debilitating conditions require long-term
management and a multidisciplinary approach that combines pharma-
cological interventions with lifestyle modifications for optimal patient
outcomes. Although pharmacologic therapy remains the cornerstone of
management, diet is emerging as a crucial support in managing these
diseases. Recent studies have shown that certain dietary patterns and
specific nutrients can play a significant role in reducing inflammation,
alleviating symptoms, and potentially slowing disease progression
(Ramonda et al., 2025). Bioactive compounds, which are found in many
plant-based foods and are abundant in the Mediterranean diet, are
increasingly being recognized as valuable supports to traditional treat-
ments in arthritis (Long et al., 2023; Oliviero et al., 2018).

2. Literature search method

Articles included and discussed in this review were identified using
keyword-based searches in multiple scientific databases, including
PubMed and Scopus. Keywords encompassed the term “polydatin”
associated with the different rheumatic disease including “osteoar-
thritis”, “rheumatoid arthritis”, “crystal-induced arthritis”, “spondy-

2 .

loarthritis”, “systemic lupus erythematosus”, “rheumatic diseases”. No

restrictions were applied regarding publication year, language, or study
design, and all relevant articles available up to the date of the search
were considered. The selection of articles aimed at providing a
comprehensive overview of current evidence, rather than following a
formal systematic review or meta-analytic protocol. Therefore, a formal
quantitative quality assessment or standardized data extraction protocol
was not employed.

3. Bioactive compounds with a role in arthritis

A huge variety of bioactive compounds have been studied in in vitro
and in vivo models of inflammation and arthritis, primarily for their
effect in the modulation of inflammatory pathways. The ability of spe-
cific polyphenols like curcumin, quercetin, catechins and resveratrol, to
target the fundamental processes of inflammation and oxidative stress
makes polyphenols promising natural agents as a complementary ther-
apy for managing the pain, stiffness, and joint damage associated with
arthritis. This paragraph provides a brief overview of the role of these
compounds in arthritis.

Curcumin, the main active ingredient in turmeric, is one of the most
widely studied polyphenols in the context of arthritis. Its anti-
inflammatory properties are attributed to its ability to block key in-
flammatory pathways, such as the COX-2 pathway, the NF-kB inflam-
matory pathways and inflammasomes (Buhrmann et al., 2021; Pandey
et al., 2025; Wang et al., 2019). Studies have shown that curcumin may
be effective in reducing pain and improving functional assessment
indices in patients with OA, as well as decreasing the use of
pain-relieving medication (Lopresti et al., 2021). In a randomized,
double-blind, placebo-controlled trial involving a small group of pa-
tients with RA, curcumin, administered for 90 days, has been shown to
reduce inflammatory (ESR, CRP) and clinical indices, including the vi-
sual analog scale for pain, rheumatoid factor values, disease activity
score 28, and American College of Rheumatology responses (Amalraj
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et al., 2017).

Quercetin, a flavonoid found in many fruits, vegetables, and teas, has
shown strong antioxidant and anti-inflammatory effects. Its mechanism
of action relies in the inhibition of the release of pro-inflammatory cy-
tokines like TNF-a, IL-1p, and IL-6, and by suppressing the activation of
transcription factors like NF-kB. Research, including some human clin-
ical trials, has shown that quercetin supplementation can significantly
improve clinical symptoms, reduce morning pain, and decrease disease
activity in women with RA (Javadi et al., 2017). It also appears to have a
protective effect against cartilage degradation (Kanzaki et al., 2012).

Epigallocatechin-3-Gallate (EGCG), the most abundant and well-
known catechin found in green tea, is a potent antioxidant and anti-
inflammatory compound. Studies suggest that EGCG may help reduce
inflammation and cartilage degradation in experimental models of
arthritis (Wang et al., 2025; Zhu et al., 2022). Its beneficial effects are
thought to be mediated by the inhibition of inflammatory enzymes and
the regulation of signaling pathways involved in joint destruction and
new bone formation, including the nuclear factor erythroid 2-related
factor 2 (Nrf2) and the Wnt/p-Catenin/COX-2 pathway (Oliviero
et al., 2013; Wang et al., 2025; Zhang et al., 2021).

Resveratrol, found in grapes and berries, is a stilbene polyphenol
with notable anti-inflammatory and antioxidant properties. In various
preclinical and animal models of arthritis, resveratrol has been shown to
have joint-protective effects. Its mechanisms include inhibiting the
production of pro-inflammatory cytokines, protecting chondrocytes
(Zhou et al., 2021), and suppressing synovial cell proliferation (Li et al.,
2021), which is a hallmark of RA. Preliminary clinical evidence also
suggests it may help reduce disease activity scores and improve quality
of life for RA patients (Khojah et al., 2018). In OA, oral supplementation
with resveratrol showed to reduce frailty, pain during walking, and the
WOMAC score, and to increase the key regulator SIRT-1 (Karim, Khan,
Ahmad, & Qaisar, 2025). The natural precursor of resveratrol, polydatin
(PD), has gained increased attention for its diverse and superior benefits
and will be the focus of the following paragraphs.

4. Polydatin

Polydatin, also known as piceid, is a natural stilbenoid polyphenol
and a monocrystalline compound found in various plant species. The
rhizomes and roots of Polygonum cuspidatum (Japanese knotweed)
serve as the principal source of PD, a species long utilized in traditional
medicine for managing inflammation, infections, jaundice, skin burns,
and hyperlipemia (Karami et al., 2022). Beyond knotweed, PD is also
present in other plant families such as Vitaceae, Liliaceae, and Legu-
minosae, and can be found in red wine (Potdar et al., 2018), nuts (Tang
& Tan, 2019), vegetables, fruits, hop cones or pellets, and cocoa- and
chocolate-based products (Bashmil et al., 2025; Binke et al., 2025; Chen,
2004; Du et al., 2013; Hurst et al., 2008; Tang et al., 2022; Wang, 2017;
Wang et al., 2020; Zhao et al., 2010; Zhou et al., 2005) (Table 1). Owing
to its broad distribution and diverse sources, PD has gained attention in
scientific research due to its potential health benefits, which include
antioxidant properties, anti-inflammatory effects, cardiovascular pro-
tection, neuroprotective, antiangiogenetic, and anti-cancer properties
(Karami et al., 2022).

PD is a glycosylated derivative of resveratrol, chemically it's a stil-
benoid with a glucose molecule (glucopyranoside) linked to the hy-
droxyl group at the 3-position of the first benzene ring. Furthermore, PD
demonstrates superior antioxidant (Sohretoglu et al., 2018) and
anti-inflammatory (Lanzilli et al., 2012) properties compared to those of
resveratrol. Various techniques have been established for isolating
resveratrol from its isomers in P. cuspidatum, including reflux extraction,
filtration, hydrolysis, liquid-liquid extraction, elution, and
high-performance liquid chromatography coupled with a UV-visible
diode array detector (Romero-Pérez et al., 2001; Wang et al., 2013).

PD exists in four structural derivatives, trans-polydatin, trans-
resveratrol, cis-polydatin, and cis-resveratrol, of which the trans-isomers
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Table 1
Content of polydatin (trans-piceid) in various food sources.
Food Source Polydatin (trans- Notes
Piceid) Concentration
(ng/8)
Polygonum 14430 Highest concentration, often
cuspidatum used for extraction
The concentration of polydatin
varies by plant part, with roots
and rhizomes containing the
highest levels [29,30]
Mulberry 39.7-133.8 [30, 31]
Grape peel 11.2-11.7 Grapes, red wine, and berries are
general sources [30, 32]
Polygoni Multiflori 33.7 [30, 331
(Tuber
Fleeceflower)
Banana Flour 6.6 + 0.3 15 % Cavendish [34]
3.2+0.2 15 % Ladyfinger [34]
2.6 +1.2 10 % Ducasse [34]
Peanuts 0.22-1.44 Nuts are a general source [30,
35]
Soybeans Mentioned as a source  Specific concentration data is

variable and not readily
quantified in standard literature
[36]

Specific concentration data is
variable and not readily
quantified in standard literature

[30]

Hop Flowers Mentioned as a source

(Humulus lupulus)

Cocoa Powder 7.14 +£ 0.80 Highest concentration among
cocoa products [37]
Unsweetened 4.04 £ 0.14 [37]1
Baking Chocolate
Semisweet 2.01 +0.18 [37]
Chocolate Baking
Chips
Dark Chocolate 1.82 +0.36 Concentration is highly
dependent on cocoa content [37]
Milk Chocolate 0.44 + 0.06 Significantly lower due to lower
cocoa solid content [37]
Chocolate Syrups 0.35 + 0.06 Lowest concentration [37]

exhibit significantly higher bioactivity and stability than their cis
counterparts. Trans-polydatin, itself, can be biosynthesized from 4-cou-
maroyl-CoA via a stilbene synthase—catalyzed reaction (Du et al., 2013;
Mikulski & Molski, 2010) (Fig. 1).

Owing to the presence of three hydroxyl phenolic groups, PD readily
interacts with reactive oxygen species (ROS) and acts as a potent anti-
oxidant. These hydroxyl groups can donate hydrogen atoms to
neutralize free radicals, forming resonance-stabilized phenoxyl radicals
that prevent oxidative chain reactions. In addition, the glucosidic moiety
enhances the compound's stability and aqueous solubility, contributing
to a more sustained antioxidant effect compared to resveratrol
(Aboul-Enein et al., 2007; Fabris et al., 2008; Rudrapal et al., 2022).
Beyond its radical-scavenging activity, the structural configuration of
PD also contributes to other biological effects, likely mediated by its
polyphenolic framework and glucosidic linkage, which enable hydrogen
bonding and hydrophobic interactions with key molecular targets
(Cerezo et al., 2015; Perez-Moral et al., 2019). Recent studies suggest
that PD may interact with VEGF, as indicated by HerboChip screening
and supported by HPLC, ultrafiltration, and Biacore assays and func-
tional studies in endothelial cells. Molecular docking further predicted
favorable binding at the VEGF receptor-binding domain (—6.9 to —6.5
kcal/mol) consistent with a mechanistic hypothesis of direct interaction,
which could potentially inhibit VEGF-VEGFR2 signaling and suppress
VEGF-induced endothelial cell proliferation, contributing to anti-
angiogenic effects (Hu et al., 2019). While these findings support a
mechanistic hypothesis of direct PD-VEGF interaction, further valida-
tion using structural biology approaches, such as X-ray crystallography
or NMR, and functional biomarker studies in cellular or clinical settings
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Fig. 1. Structural derivatives of polydatin.

is warranted to substantiate the interaction and confirm its physiological
relevance.

In addition, in silico studies have demonstrated that PD can effec-
tively bind to the active sites of human Sirtuins (SIRT1 - SIRT7), forming
multiple stabilizing interactions, including hydrogen bonds and hydro-
phobic contacts with key residues. Molecular docking analyses indicate
that PD exhibits higher binding affinity than resveratrol and comparable
or superior affinity to curcumin, particularly toward mitochondrial
SIRT-3 and SIRT-5. Molecular dynamics simulations further support the
stability of these interactions, highlighting consistent hydrogen
bonding, hydrophobic contacts, and water-mediated bridges between
PD and Sirtuin residues. These findings suggest that PD may modulate
SIRT-dependent pathways, potentially enhancing mitochondrial func-
tion, regulating cellular stress responses, and maintaining metabolic
homeostasis. By influencing these pathways, PD could contribute to its
reported anti-inflammatory and cytoprotective effects (Ferrari et al.,
2023).

However, it is important to note that these findings are based entirely
on in silico modeling. Experimental validation, including in vitro enzy-
matic assays, cell-based studies, and eventually clinical biomarker in-
vestigations, is essential to confirm whether PD truly engages Sirtuins in
a biologically meaningful manner and to determine the functional
consequences of such interactions.

Thus, the combination of polyphenolic hydroxyl groups and the
glucosidic moiety not only contributes to PD's antioxidant and stabiliz-
ing properties but also enables its multi-target interactions, including
potential modulation of VEGF and Sirtuin pathways, thereby linking its
chemical structure directly to its diverse pharmacological effects.

4.1. Bioavailability, absorption and metabolism

The glycosylation of PD, through the attachment of a glucose moiety,
enhances its water solubility and chemical stability, providing distinct
pharmacokinetic advantages over the aglycone resveratrol. Resveratrol
is characterized by high intestinal absorption but very low systemic
bioavailability (<1%) due to extensive first-pass metabolism involving
glucuronidation and sulfation in the intestinal mucosa and liver (Walle,
2011).

Unlike resveratrol, which crosses cell membranes mainly by passive
diffusion, the glucose residue of PD allows also for active transport via
sodium-dependent glucose transporter (SGLT1), primarily present in the
stomach and intestines (Henry et al., 2005).

After absorption, PD can undergo enzymatic deglycosylation
through two different mechanisms, which allow the release of free
resveratrol within intestinal cells or into the systemic circulation. The
first involves cytosolic f-glucosidases which cleaves the molecule after it

crosses the brush-border membrane via SGLT1. The second pathway
takes place on the luminal side of the epithelium, where the membrane-
bound enzyme lactase—phlorizin hydrolase removes the glucose residue,
allowing the released aglycone to passively diffuse into the cell, where it
undergoes further metabolism (Henry-Vitrac et al., 2006).

Pharmacokinetic and biodistribution studies reveal that, following
either oral or intravenous administration, PD reaches high concentra-
tions in the kidney, liver, lung, and heart, with peak tissue levels typi-
cally achieved within 10 min post-dose. This rapid distribution pattern
suggests efficient systemic diffusion and a strong affinity for metaboli-
cally active and excretory organs (Du et al., 2013).

Both PD and its aglycone metabolite are subject to hepatic glucur-
onidation and sulfation, which rapidly converts the active compounds
into inactive glucuronide conjugates. These conjugates are then quickly
eliminated from the body via renal excretion, significantly reducing the
systemic concentration and thus the bioavailability of PD. However, PD
exhibits a longer half-life and a higher maximal plasma concentration
than resveratrol when administered at equivalent doses (Du et al.,
2013).

Collectively, these pharmacokinetic properties confer on PD
enhanced bioavailability and systemic exposure compared with resver-
atrol, supporting its potential as a more pharmacologically stable and
therapeutically effective form of this polyphenol in models of oxidative
stress, inflammation, and metabolic disorders (Du et al., 2013).

Recent advances in pharmaceutical nanotechnology have led to the
development of multiple delivery systems aimed at overcoming the
pharmacokinetic limitations of PD, including liposomes, micelles, and
polymeric or inorganic nanoparticles. However, these approaches differ
substantially in their impact on PD bioavailability and systemic expo-
sure. Liposomal formulations have been shown to significantly enhance
the oral bioavailability of PD, likely due to high encapsulation efficiency
and prolonged circulation time (Wang et al., 2015). In contrast, micellar
systems have been primarily designed to achieve tissue-specific delivery
rather than to increase systemic bioavailability; ROS- and pH-responsive
PD-loaded micelles demonstrated marked therapeutic efficacy in liver
fibrosis models through targeted release, despite the lack of direct
pharmacokinetic evidence for increased plasma exposure (Lin et al.,
2020). Similarly, polymeric nanocapsules have been shown to preserve
the anti-inflammatory and antioxidant properties of PD in ex vivo
models, although their effects on in vivo bioavailability remain to be
established (Basta-Kaim et al., 2019). Chitosan-based PD nanoparticles
exhibited superior therapeutic efficacy compared with free PD in dia-
betic liver injury, an effect attributed to improved absorption and pro-
longed release, albeit without direct quantitative assessment of systemic
bioavailability (Abd El-Hameed et al., 2021). Notably, not all
nanoparticle-based strategies are beneficial, as inorganic quantum dot
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heterojunctions were reported to increase PD binding to plasma pro-
teins, thereby reducing the free circulating fraction and potentially
attenuating its pharmacological activity (Xiao et al., 2011). Collectively,
these findings highlight that the enhancement of PD bioavailability is
highly dependent on the delivery platform, with substantial variability
across systems and a critical distinction between improved systemic
exposure and targeted tissue accumulation.

4.2. Safety, tolerability, and potential drug-nutrient interactions of
polydatin

Clinical studies indicate that PD, alone or in combination with pal-
mitoylethanolamide (PEA), is generally well tolerated and exhibits a
favorable safety profile across diverse patient populations. In trials
evaluating chronic pelvic pain associated with endometriosis, adminis-
tration of PEA/polydatin (400/40 mg twice daily for 80-90 days)
significantly improved pain, dysmenorrhea, dyspareunia, and quality of
life without reported adverse events (Indraccolo et al., 2017; Loi et al.,
2019; Soave et al., 2013). Similarly, in patients with irritable bowel
syndrome, PEA/polydatin supplementation (200/20 mg twice daily for
12 weeks) reduced abdominal pain severity and modulated cannabinoid
receptor expression, again with no significant side effects observed
(Cremon et al., 2017).

PD has also been evaluated in the context of liver disease, cardio-
vascular disorders, and oxidative stress. In alcoholic patients, oral
administration of PD-containing nutritional supplements reduced liver
enzymes and lipid peroxidation while improving cognitive performance,
with no adverse events reported (Pace et al., 2015). Moreover, clinical
evaluation in elderly patients with coronary heart disease showed that
PD significantly improved treatment outcomes (Zhang & Li, 2018). PD
injections have also entered phase II clinical trials for cardiovascular and
cerebrovascular disorders (Zeng et al., 2015). Topical PD formulations
(0.8-1.5%) were well tolerated in patients receiving EGFR inhibitors,
reducing the incidence and severity of cutaneous adverse effects without
causing systemic toxicity (Bavetta et al., 2021; Fuggetta et al., 2019).

Preclinical toxicology studies support these clinical observations. PD
exhibits low acute and subchronic toxicity in animals, with an LD50 of
approximately 1000 =+ 57.3 mg/kg intraperitoneally (Tang et al., 2022)
and is well tolerated up to 200 mg/kg. At very high intraperitoneal doses
(50-700 mg/kg for 42 days), adverse effects such as peritonitis, mild
liver cell necrosis, and bone marrow fat hyperplasia were observed
(Zong et al., 2002). Oral administration at maximal gavage concentra-
tions showed 100% survival in mice, with a maximum tolerable dose of
75.5 g/kg/day (Tang et al., 2022). Additionally, the IC50 for human
normal liver cells (L02) is 263.05 pg/mL, indicating low cytotoxicity at
physiologically relevant concentrations. Safety evaluation after intra-
venous injection for 30 days in humans confirmed no significant toxic
effects (Li et al., 2015).

Although these studies demonstrate a high tolerability of PD, its
pharmacokinetic properties, such as hepatic glucuronidation and sul-
fation, suggest potential interactions with drugs metabolized via the
same pathways. To date, no clinically relevant drug-drug interactions
involving PD have been reported. In patients with rheumatological
conditions, who often require chronic administration of immunosup-
pressants, corticosteroids, or nonsteroidal anti-inflammatory drugs,
careful monitoring is advisable, as co-administration could theoretically
alter drug exposure or efficacy. Furthermore, PD's modulation of anti-
oxidant and signaling pathways raises the possibility of interactions with
nutrient supplements commonly used by these patients, such as vitamins
C and E, selenium, or glutathione precursors, which may synergistically
enhance its antioxidant effects (Biswas et al., 2020).

Overall, preclinical and clinical evidence supports PD as a safe and
well-tolerated compound suitable for long-term administration, with a
wide therapeutic window and minimal toxicity. Its favorable safety
profile, together with the low incidence of adverse events, suggests
potential for chronic use in patients with rheumatological conditions,
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provided that drug-drug and drug-nutrient interactions are carefully
monitored.

5. Polydatin in rheumatological diseases

Building upon its favorable pharmacokinetic profile and established
anti-inflammatory, anti-angiogenic and antioxidant properties, the
therapeutic potential of PD has been explored in a variety of rheuma-
tological diseases (Table 2). Although conditions such as RA, OA, SpA,
and SLE differ substantially in their clinical presentation, they often
share common pathological drivers, including chronic inflammation,
oxidative stress, and immune dysregulation. The following sections will

Table 2
Polydatin's primary mechanism of action in rheumatic diseases.
Disease Mechanism of action Observed effects References
Rheumatoid 1. Anti-oxidative 1. | Oxidative stress [47 - 50]
Arthritis effects markers.
2. Anti-inflammatory 2. | Pro-
effects inflammatory
3. Inhibition of cytokines
NETosis | IL-6/STAT-3/IL-
17/NF-kB signaling
Regulated
expression of MMP-
9/3
| VEGF
3. | NET formation.
Osteoarthritis 1. Chondroprotective 1. | Inflammatory [51 - 55]
effects cascade in
2. Anti-inflammatory chondrocytes
effects 1 Promoted
3. Inhibition of anabolism
autophagy | Inhibited
4. Bone/immune catabolism
balance 2. | Pro-
inflammatory
mediators
3. 1 Autophagy flux
Regulated (AMPK/
mTOR) 4.
Maintained bone
metabolic balance
| Polarization of
macrophages (M1)
| NF-kB signaling
pathway
Crystal-Induced 1. Inhibition of 1. | Ankle swelling, [56 - 62]
Arthritis inflammation synovitis
2. Inhibition of | Leukocyte
inflammasome infiltration (CXCL1)
2. | ROS and NO
| NLRP3
inflammasome (IL-
1p)
| Ferritin activation
1 PPAR-y pathway.
3. | Hyperuricemia
Spondyloarthritis Regulation of cell | Fibroblast [63]
proliferation proliferation
apoptosis, and 1 Fibroblast
autophagy in apoptosis
fibroblasts 1 Autophagy
Systemic Lupus Blocking ROS- | NET formation [64 - 66]
Erythematosus mediated NET | Blocked ROS
formation production
| Decreased
proteinuria
| Serum
autoantibodies

(anti-dsDNA,-Sm)
| Austin scores

1 1gG and NET
deposition in the
kidneys
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summarize the preclinical evidence detailing the specific mechanisms by
which PD exerts its effects in models of RA, OA, CIA, SpA, and SLE.

5.1. Polydatin in rheumatoid arthritis (RA)

Polydatin has demonstrated significant therapeutic potential in
preclinical models of RA through a multi-faceted mechanism of action
(Fig. 2). In a collagen-induced arthritis mouse model, treatment with 30
or 45 mg/kg PD markedly inhibited the clinical arthritis score and hind-
paw thickness in mice. PD was shown to effectively mitigate disease
symptoms by leveraging its anti-oxidative and anti-inflammatory
properties, specifically by reducing levels of oxidative stress markers
such as malondialdehyde and superoxide dismutase, pro-inflammatory
cytokines such as TNF-a and IL-1f, and by regulating the expression of
matrix metalloproteinase-9 (MMP-9) (Li et al., 2016). A separate study
utilizing a complete Freund's adjuvant (CFA)-induced arthritis rat model
further elucidated its anti-arthritic effects, showing that administration
of 200 mg/kg PD for 21 days attenuates joint damage by modulating the
critical IL-6/STAT-3/IL-17/NF-kB signaling cascade (Kamel et al.,
2018). Specifically, PD reduced the levels of pro-inflammatory cytokines
in paw homogenates, including TNF-a, IL-6, IL-17, and matrix
metalloproteinase-3 (MMP-3), the gene expression of STAT3 and
RANKL, and hindered the immunohistochemical staining of vascular
endothelial growth factor (VEGF), a crucial mediator responsible for
microvasculature changes, and nuclear factor-kB (NF-kB) that is
fundamental in regulating immuno-inflammatory response (Kamel
et al., 2018).

Moreover, research has also revealed a mechanism involving the
inhibition of neutrophil extracellular trap (NET) formation (NETosis)
(Yang et al., 2019). NETosis has been found to contribute to the in-
flammatory and autoimmune responses characteristic of RA. In both in
vitro experiments with human and murine neutrophils and in vivo in the
collagen-induced arthritis mouse model, PD was shown to suppress NET
formation, thereby delaying the onset and reducing the severity of
arthritis (Yang et al., 2019).

Notably, the inhibitory effect on NETosis observed for PD does not
appear to be unique to this compound, but rather reflects a broader class
effect shared by polyphenolic and phytochemical antioxidants. Accu-
mulating evidence demonstrates that several plant-derived bioactive
compounds, including polyphenols such as resveratrol, catechin, quer-
cetin and curcumin, are capable of modulating NET formation, release,
and stability through convergent mechanisms (Askarizadeh et al., 2025;
Liu et al., 2024). These mechanisms include attenuation of reactive
oxygen species production, inhibition of key signaling pathways
involved in neutrophil activation, such as NF-xB, PI3K, MAPK, and
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P2X7R-dependent signaling, and downregulation of NET-associated
enzymes, including myeloperoxidase and neutrophil elastase (De
Souza Andrade et al., 2022; Liu et al., 2024; Munoz-Sanchez et al.,
2023). In vitro studies have shown that resveratrol and catechin, as well
as their conformationally constrained analogues, suppress NET forma-
tion in a dose-dependent manner by inhibiting DNA and MPO release
from activated neutrophils, highlighting a structure-activity relation-
ship underlying their anti-NET effects (Ohinata et al., 2024). Moreover,
quercetin has been demonstrated to mitigate oxidized lipid-induced
NETosis by inhibiting the P2X7R/p38MAPK/NOX2 signaling axis,
further supporting the concept that polyphenols interfere with shared
upstream pathways driving pathological NET formation (Liu et al.,
2024). By restoring redox homeostasis and limiting excessive neutrophil
activation, these phytochemicals impair chromatin decondensation and
extracellular trap release, thereby reducing NET-driven tissue damage
across multiple inflammatory and autoimmune disease models (De
Souza Andrade et al., 2022; Munoz-Sanchez et al., 2023). In this context,
PD-mediated NETosis inhibition in rheumatoid arthritis aligns with a
well-established antioxidant-driven framework, while its efficacy
demonstrated specifically in experimental arthritis models underscores
its translational relevance for RA.

Recently, Su et al. developed a novel multifunctional nanodrug
system, HA-M@PB@Ag@PD NPs, designed for the treatment of RA. This
system integrates PD and chitosan-silver (Chi-Ag) onto Prussian blue
nanoparticles (PB NPs), with a hybrid membrane (M) and hyaluronic
acid (HA) to improve targeting and circulation. Within this system, PD
plays a central role in modulating the inflammatory microenvironment.
In vitro studies demonstrated that PD effectively scavenges reactive ox-
ygen species (ROS), promotes the repolarization of inflammatory mac-
rophages from the pro-inflammatory M1 phenotype to the anti-
inflammatory M2 phenotype, and reduces the production of pro-
inflammatory cytokines. Meanwhile, Chi-Ag induces apoptosis in RA
fibroblast-like synoviocytes (RA-FLS), further contributing to anti-
arthritic effects. In vivo experiments using a rat model of RA showed
that HA-M@PB@Ag@PD NPs significantly accumulated in arthritic
joints and exhibited prolonged circulation time. The treatment led to
marked suppression of joint inflammation, inhibition of synovial hy-
perplasia, and protection of cartilage and bone from destruction.
Importantly, PD's activity in clearing ROS and promoting macrophage
repolarization contributed to the restoration of the synovial microen-
vironment, reducing the number of RA-FLS and inflammatory macro-
phages in the affected joints (Zhaoli et al., 2024).

Collectively, these findings highlight polydatin's capacity to act on
multiple inflammatory pathways and cellular processes, positioning it as
a promising natural compound for the management of arthritis.
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Fig. 2. Polydatin's therapeutic effects in rheumatoid arthritis.
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5.2. Polydatin in osteoarthritis (OA)

As previously discussed, OA is the most prevalent joint disease
worldwide. It is characterized by a subclinical inflammatory process
leading to a deteriorative structural change in the cartilage, pain, loss of
joint function, and disability. OA pathogenesis have been related to
different molecular mechanisms eventually responsible of different
phenotypes (e.g. post-traumatic vs. age-related vs. metabolic). Although
PD's effects have not been specifically considered according to these
phenotypes, the studies collectively establish PD as a potent chon-
droprotective and anti-osteoarthritic agent through distinct yet syner-
gistic molecular mechanisms involving inflammation, autophagy, and
bone/immune modulation (Fig. 3).

Post-traumatic OA is the most extensively studied phenotype in
preclinical models. Using the cruciate ligament transection (ACLT)
model, PD showed to effectively mitigate the severity and progression of
OA after intra-articular administration in rats (Hu et al., 2022). PD
significantly reversed the pathological changes associated with OA, such
as reduced cartilage thickness, calcification, and destruction of super-
ficial cartilage by regulating Wnt/f-catenin signaling. In this study rat
chondrocytes were obtained to assess the effect of PD on the levels of
inflammation-related mediators. PD showed to significantly suppresses
the inflammatory cascade in IL-1p-stimulated chondrocytes through the
downregulation of major pro-inflammatory mediators, including nitric
oxide, prostaglandin E2, iNOS, COX-2, TNF-a, and IL-6. Furthermore, it
exhibited a protective effect on the extracellular matrix balance, pro-
moting anabolism by upregulating aggrecan and collagen II expression,
while simultaneously inhibiting catabolism by downregulating the
matrix-degrading enzymes.

A role of PD in modulating cellular homeostasis through the resto-
ration of autophagy has been elucidated using the same post-traumatic
OA model (Ye et al., 2024). The results showed that PD protects chon-
drocytes from degeneration by regulating the AMPK/mTOR signaling
axis. In particular, PD has demonstrated to enhance cell viability, reduce
the rate of apoptosis and promote autophagy flux. These findings, along
with the inhibitory effect on chondrocyte apoptosis, suggest a protective
role for PD in the age-related OA phenotype which is primarily driven by
cellular senescence and accumulated oxidative stress.

A third study introduced a broader perspective showing that PD
effectively delays the progression of OA in the ACLT mouse model, not

Anti-Inflammatory Mechanisim
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only by limiting cartilage degradation and apoptosis but also by
impacting the underlying bone and synovium (Sun et al., 2025). Spe-
cifically, PD was shown to maintain subchondral bone metabolic bal-
ance, suggesting a critical regulatory role in preventing pathological
changes in the bone structure that contribute to joint failure. Further-
more, the study identified PD as a modulator of the local immune
environment, demonstrating its ability to inhibit the polarization of
macrophages towards the pro-inflammatory M1 phenotype. This
anti-inflammatory shift is crucial, as M1 macrophages perpetuate sy-
novitis and drive cartilage catabolism. Consistent with the study by
Linyong Hu et al. (Hu et al, 2022), the mechanism for the
anti-inflammatory and macrophage-regulating effects was attributed to
the marked suppression of the NF-kB signaling pathway, positioning it as
a central therapeutic target for PD.

A recent study further expanded the understanding of PD's anti-
osteoarthritic activity by employing a high-content screening
approach to identify bioactive polyphenols targeting chondrocyte
inflammation. Using an IL-1p-stimulated primary chondrocyte model,
the authors demonstrated that PD potently downregulated MMP-13
expression while promoting type II collagen synthesis, confirming its
dual anabolic and anti-catabolic actions. RNA sequencing analyses
revealed that PD's efficacy was partly mediated through inhibition of the
Wnt signaling pathway, along with enrichment of IL-17 and peroxisome
pathways, suggesting coordinated anti-inflammatory and antioxidative
effects. In destabilization of the medial meniscus (DMM) and mono-
sodium iodoacetate (MIA) mouse models, PD administration signifi-
cantly reduced cartilage degradation, osteophyte formation, and
synovial inflammation, without inducing systemic toxicity. Mechanis-
tically, the study identified a novel mitochondria-centered pathway,
showing that PD enhanced mitochondrial membrane potential and
upregulated SIRT3 and SOD2 expression, thereby reducing mitochon-
drial reactive oxygen species (mtROS) production. This SIRT3/SOD2
axis was proposed as a key mediator of PD's antioxidant and chon-
droprotective effects, aligning with prior evidence linking PD to mito-
chondrial homeostasis in other tissues (Mao et al., 2025).

Earlier evidence also highlighted the pivotal role of the Nrf2
signaling pathway in mediating the protective effects of PD in osteoar-
thritis. In IL-1p-induced human osteoarthritic chondrocytes, PD mark-
edly suppressed the production of major inflammatory mediators,
including PGE,, TNF-a, NO, COX-2, iNOS, and IL-6, and inhibited the
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Fig. 3. Polydatin's protective actions in osteoarthritis.
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expression of matrix-degrading enzymes such as MMP-13 and ADAMTS-
5, thereby preserving the integrity of the extracellular matrix. The
silencing of Nrf2 through siRNA completely abolished these anti-
inflammatory and chondroprotective effects, confirming Nrf2 as a key
molecular target of PD. Consistently, in DMM mouse model of OA, PD
administration attenuated cartilage degeneration and mitigated joint
inflammation, further substantiating its dual antioxidant and chon-
droprotective activity. Collectively, these findings position PD as a
promising therapeutic agent capable of counteracting oxidative stress-
driven cartilage degradation through Nrf2-dependent signaling (Tang
et al., 2018).

5.3. Polydatin in crystal-induced arthritis

Crystal-induced arthritis is characterized by the deposition of mon-
osodium urate (MSU) and calcium pyrophosphate (CPP) crystals in
articular and periarticular tissues, leading to an intense inflammatory
response. While hyperuricemia is a necessary condition to cause MSU
precipitation and gout, CPP crystals may be found in different calcium
crystal related arthropathies, and their formation is associated to a
dysregulation of inorganic pyrophosphate homeostasis (Oliviero et al.,
2012). Invitro models of MSU and CPP crystal-induced inflammation are
widely used to investigate the beneficial effect of bioactive compounds
towards the NLRP3/caspase-1/IL-1p axis. In one of this study both
resveratrol and PD have shown to be effective in inhibiting
crystal-induced inflammation by reducing the production of IL-1f,
reactive oxygen species (ROS) and nitric oxide (NO). Of interest, these
polyphenols almost completely abolished the inflammatory response
after a pretreatment thus suggesting a preventive anti-inflammatory
effect (Oliviero et al., 2019). This prophylactic benefit has been
confirmed using a mouse model of local acute inflammation obtained
through the intra-articular injection of CPP crystals (0.3 mg/20 pL)
(Oliviero et al., 2021). In this case the oral pre-treatment with PD
administered at 40 mg/kg significantly diminished ankle swelling after
48 h from crystal injection. Histological findings showed a decrease in
leukocyte infiltration, necrosis, edema, and synovitis along with the
reduction in IL-1f and CXCL1 tissue expression.

A recent study further elucidated the molecular mechanisms un-
derlying the protective effects of PD in CPP crystal-induced arthritis. In
this model, as reported in the previous study, prophylactic administra-
tion of PD prevented ankle swelling, leukocyte infiltration, edema, and
synovitis, thereby preserving both articular and muscular structures,
with an efficacy comparable to that of colchicine. In addition, histo-
logical analysis confirmed a reduction in inflammatory damage to joint
and muscle tissues, along with the preservation of muscle strength.

Mechanistically, a protein array performed on joint tissues revealed
that PD modulates pathways involved in leukocyte migration, angio-
genesis, and inflammation, including the downregulation of VCAM-1, L-
selectin, and BLC. In vitro experiments using CPP-stimulated human
monocytes demonstrated that PD significantly reduced the release of key
inflammatory mediators (IL-1f, IL-18, IL-6, TNF-a), chemokines (CCL-
23, IL-8), and VEGF, indicating a strong suppression of both cytokine
and angiogenic signaling.

Of particular relevance, PD's anti-inflammatory effects were associ-
ated with SIRT1 activation, as pharmacological inhibition of SIRT1
completely reversed its protective actions. Furthermore, PD reduced
leukocyte chemotaxis toward synovial fluids from CPP arthritis patients,
suggesting a role in limiting immune cell recruitment to inflamed tis-
sues. The study also identified CCL-23/CCR1 signaling as a novel
pathway involved in CPP-induced inflammation: PD and the CCR1
antagonist J-113863 each attenuated the production of inflammatory
mediators and PBMC migration, with a synergistic effect when com-
bined. Altogether, these findings establish that PD mitigates CPP crystal-
induced inflammation through multitargeted mechanisms, including
SIRT1 activation, CCR1 inhibition, and suppression of leukocyte
migration, chemokine release, and VEGF-driven angiogenesis,
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reinforcing its potential as a preventive therapeutic strategy in acute
pseudogout flares (Baggio et al., 2025).

A similar study using MSU crystals (0.2 mg/25 pL) in mice, showed
that PD administered at 25-100 mg/kg according to a therapeutic pro-
tocol (i.e. after crystal injection) reduced ankle swelling, improved
abnormal gait, and mitigated joint damage in a dose-dependent manner
(Hu et al., 2022). These effects were mediated by the activation of the
PPAR-y pathway, the suppression of the NLRP3 inflammasome and
ferritin activation (Du et al., 2023).

Pertaining gout, PD also showed a protective effect against gouty
nephropathy in mice (Shi et al., 2023). It significantly ameliorated
pathological changes in kidney tissue. It has been demonstrated that this
nephroprotective action is linked to the inhibition of renal tubular cell
pyroptosis, a type of programmed cell death. PD was shown to down-
regulate the expression of key proteins in this process, including NLRP3,
caspase-1, and gasdermin D.

PD, along with resveratrol and other stilbenes, demonstrated anti-
hyperuricemic activities in mice (Shi et al., 2012). Their therapeutic
effects have been shown to be mediated by the regulation of renal
organic ion transporters (Fig. 4).

5.4. Polydatin in spondyloarthritis

SpA encompasses different chronic inflammatory diseases that pri-
marily affect the spine and peripheral joints, often involving the
entheses. This heterogeneous group of disorders, which includes anky-
losing spondylitis (AS) and psoriatic arthritis (PsA), shares clinical, ge-
netic, and pathogenic features. AS, in particular is characterized by an
aberrant and excessive proliferation of fibroblasts, particularly those
residing in the synovium and entheses, which drives the chronic in-
flammatory and structural remodeling processes. The potential thera-
peutic role of PD has been investigated in fibroblasts isolated from AS
patients demonstrating that PD significantly suppressed cell prolifera-
tion in a concentration- and time-dependent manner without substan-
tially affecting normal human fibroblasts (Ma et al, 2019).
Mechanistically, PD was shown to induce apoptosis by modulating key
proteins in the intrinsic pathway, specifically by upregulating the
pro-apoptotic factors active caspase-3 and Bax, while concurrently
decreasing the expression of the anti-apoptotic factor Bcl-2. Further-
more, PD enhanced cellular autophagy, which was confirmed by a sig-
nificant increase in the expression levels of autophagic markers, as well
as by direct evidence of autophagosome formation. The crucial interplay
between these two processes was established when co-treatment with an
autophagy inhibitor significantly reversed both the polydatin-induced
apoptosis and the increase in autophagy markers (Ma et al., 2019).
These findings indicate that PD promotes apoptosis and autophagy in AS
fibroblasts, suggesting its potential as adjuvant therapeutic agent for AS
(Fig. 5).

5.5. Polydatin in systemic lupus erythematosus (SLE)

The beneficial effect of resveratrol was observed in lupus mice
models by attenuating proteinuria, serum autoantibodies, glomerulo-
nephritis and affecting T and B cell proliferation (Jhou et al., 2017;
Wang et al., 2014).

To date, there's only one study investigating the therapeutic poten-
tial of PD in SLE, providing mechanistic insight into its immunomodu-
latory effects (Fig. 6) (Liao et al., 2018). The research focused on the
compound's effect on neutrophil extracellular trap (NET) formation
(NETosis), a process closely implicated in SLE pathogenesis.

NETs represent a major source of autoantigens, promote immune
complex formation, activate type I interferon pathways, and contribute
directly to renal inflammation and tissue injury. Liao et al. demonstrated
that PD markedly inhibited phorbol 12-myristate 13-acetate (PMA)-
induced NET formation in neutrophils from both SLE patients and
healthy donors by suppressing intracellular ROS generation, without
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mice, which spontaneously develop severe lupus-like disease, and
pristane-induced lupus (PIL) mice, an environmentally triggered model
of SLE. In both models, PD treatment significantly reduced proteinuria,
circulating autoantibodies (anti-dsDNA and anti-Sm), renal Austin ac-
tivity scores, and IgG deposition within glomeruli. Notably, PD treat-
ment markedly decreased NET deposition in renal tissue, indicating
effective inhibition of intrarenal NETosis.

cyclophosphamide.

Mechanistically, PD prevented spontaneous NET formation and ROS
production by bone marrow-derived neutrophils in vivo and reduced
neutrophil necrotic cell death, further supporting its role in suppressing
NETosis. These effects suggest that PD indirectly modulates autoanti-
body production and renal injury by limiting the availability of NET-
derived autoantigens and immune complex deposition in target organs
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(Liao et al., 2018).

Collectively, these findings indicate that PD exerts immunomodula-
tory effects in SLE primarily through inhibition NETosis, thereby
attenuating systemic autoimmunity and lupus nephritis. By targeting a
pathogenic mechanism that links innate immune activation, autoanti-
body generation, and renal involvement, PD emerges as a promising
candidate for the modulation of SLE disease activity.

6. Conclusion

Rheumatological diseases share common pathogenic mechanisms,
including chronic inflammation, oxidative stress, immune dysregula-
tion, and progressive tissue remodeling, that collectively drive joint
damage and systemic complications.

In this context, this review highlights the promising therapeutic
potential of PD, a natural polyphenolic derivative of resveratrol, in the
treatment of various rheumatological diseases, thanks to its ability to
modulate multiple biological pathways involved in disease progression.
Owing to its unique chemical structure and favorable pharmacokinetic
properties, PD exhibits multiple mechanisms of action, including anti-
oxidant, anti-inflammatory, anti-angiogenic, and immunomodulatory
effects. Importantly, the growing body of evidence on PD-based delivery
systems indicates that improvements in bioavailability and therapeutic
efficacy are highly formulation-dependent. While certain approaches,
such as liposomal or polymeric nanoparticle formulations, can enhance
systemic exposure or prolong drug release, others primarily favor tissue-
specific targeting or merely preserve biological activity without
increasing circulating levels. This heterogeneity underscores the need
for a rational selection and rigorous pharmacokinetic characterization of
PD formulations tailored to the specific rheumatological condition and
route of administration.

Numerous preclinical studies have demonstrated polydatin's efficacy
in counteracting chronic inflammation, joint damage, and altered bone
metabolism in models of RA, OA, CIA, SpA, and SLE. PD appears to
modulate multiple molecular and cellular pathways that regulate
inflammation, oxidative stress, angiogenesis, apoptosis, autophagy and
tissue remodeling. Furthermore, PD has shown protective effects on
articular cartilage and a role in maintaining bone homeostasis and im-
mune balance.

Despite these promising findings, there is a notable scarcity of clin-
ical trials specifically investigating PD in rheumatological conditions.
Nevertheless, the translational potential of PD - often administered in
combination with palmitoylethanolamide (PEA) - is supported by
several randomized controlled trials (RCTs) involving other human in-
flammatory and pain-related disorders.

Specifically, the PEA-PD association has demonstrated significant
clinical efficacy in reducing pain and symptoms associated with chronic
inflammation. Evidence from RCTs in patients with irritable bowel
syndrome (IBS) (Cremon et al., 2017; Di Nardo et al., 2024) showed a
marked reduction in abdominal pain and symptom severity. Further-
more, the clinical benefits of this association extend to gynecological
inflammatory conditions including endometriosis (Cobellis et al., 2011),
primary dysmenorrhea (Tartaglia et al., 2015), and vestibulodynia
(Murina et al., 2013). These clinical data underscore PD's ability to
effectively modulate mast cell activation and neuro-inflammatory
pathways in humans, providing a robust rationale for its potential
application in the management of chronic rheumatological diseases.
However, the transition from preclinical models to clinical practice in
rheumatology requires caution. Future research must focus on dedicated
clinical trials to validate the chondroprotective effects, long-term safety,
and optimal dosage of PD, while also exploring its potential as an
adjuvant therapy alongside standard pharmacological treatments.
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