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Abstract: Systemic inflammation and gradual joint damage are the indications of rheumatoid 

arthritis (RA), a chronic inflammatory disease. While biologics and disease-modifying 

antirheumatic medications (DMARDs) continue to be the primary form of RA treatment, their 

long-term usage is often restricted because of their high cost and potential adverse effects. As a 

result, complementary approaches that integrate precision medicine-based nutritional interventions 

are gaining increasing scientific support. From a nutrigenomic and artificial intelligence approach, 

this review examines the function of bioactive substances and functional foods in the treatment of 

RA. Bioactive compounds (BCs) derived from cereals, legumes, fruits, vegetables, probiotics, and 

omega-3-rich foods, such as polyphenols, antioxidants, and essential fatty acids modulate immune 

response, oxidative stress, and inflammatory pathways involved in the pathophysiology of RA. 

However, genetic variants that impact nutrient absorption, metabolism, and bioavailability 

contribute to variability in clinical efficacy. Gene-nutrient interactions involving VDR, MTHFR, 

FADS, and HFE, which control vitamin D signalling, folate metabolism, fatty acid conversion, and 

iron homeostasis, respectively, are highlighted by nutrigenomic data. Predictive modelling of 

individual dietary responses to nutritional therapies is made possible by recent developments in 

Artificial intelligence (AI) and Machine learning (ML), which enable the combination of genetic, 

microbiome, and dietary data. Functional foods, nutrigenomics, and AI-driven analytics integrate 

to offer a potential foundation for creating individualised, long-term RA treatment plans. 

Key words: functional foods, chronic inflammatory disease, nutrigenomics, bioactive compounds, 

artificial intelligence, machine learning 

 

 

  

INTRODUCTION 

Rheumatoid arthritis (RA) is a systemic auto-

immune disease characterised by extra-articular 

involvement and inflammatory arthritis. It is a 

chronic disease with inflammation primarily tar-

geting synovial joints, affecting approximately 

1% of the world’s population. It is caused by the 

interplay of various environmental and genetic 

factors, such as smoking (Gunes-Bayir et al., 

2023; Klareskog et al., 2020). According to the 

Global Burden of Disease (GBD), the age-

standardised prevalence rate of RA will increase 

to 0.21% globally in the year 2020, affecting 

more than 17.6 million people, representing a 

14.1% increase since 1990 (Gao et al., 2024). 
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Epidemiological data further indicate that ap-

proximately 70% of individuals with RA are fe-

male, and more than half of the affected popu-

lation is above the age of 55 (WHO, 2023).  

Additionally, it affects extra-articular organs, 

including the gastrointestinal, renal, pulmonary, 

and cardiovascular systems (Ahmed et al., 

2008). Current therapeutic strategies for RA 

primarily involve corticosteroids, biologics, 

DMARDs, and Non-Steroidal Anti-inflam-

matory Drugs (NSAIDs). While these medica-

tions can partially slow disease progression and 

reduce joint damage, long-term RA treatment, 

particularly with biologics and targeted thera-

pies, imposes a significant financial burden (Shi 

et al., 2020; Mennini et al., 2017). India’s 

healthcare system is distinguished by its combi-

nation of private and public providers. Most 

Indians receive their medical care in the private 

sector, where the expenses account for more 

than two-thirds of the total cost spent for health 

benefits in the public sector comparatively 

(Dieleman et al., 2017). The financial burden on 

lower-socioeconomic stratum households makes 

matters worse due to the high cost of care and a 

lack of health insurance (Kumar et al., 2011).  

Regarding the use of Complementary and Alter-

native medicine (CAM) modalities as treatment 

methods for RA patients, the American College 

of Rheumatology in the position statement notes 

the increase in interest in CAM approaches 

among the population, and thus emphasises the 

necessity of conducting strict scientific inves-

tigation into any possible therapy for rheumatic 

diseases (Comella et al., 2015).  

From that standpoint, one should consider nu-

trient intake and nutrition as potentially signi-

ficant environmental risk factors influencing the 

occurrence and progression of the conditions 

under discussion (Pattison et al., 2004). The 

importance of nutrition science in connection 

with food and certain compounds that may 

either provoke or prevent inflammation due to 

their properties is emphasized (Calder et al., 

2013).  

Although the findings still remain inconclusive, 

there exist several investigations on links bet-

ween dietary practices, including the consum-

ption of fruits, vegetables, or meat, and the 

occurrence of the condition. Thus, it becomes 

clear that through investigating ways to use 

nutrition practices to decrease health care ex-

penses, one might identify an effective approach 

to managing RA. 

Immunopathological basis of rheumatoid 

arthritis 

When susceptibility factors stimulate the forma-

tion of autoantibodies to produce the immune 

response, adaptive immunity is triggered to-

wards peptidylarginine and peptidylcitrulline. 

Antigen-presenting cells (APCs) deliver these 

changes into the lymphatic tissues, where in-

flamematory cytokines (IL-6,8,17 etc.) are syn-

thesised due to the activation of macrophages, 

APCs, and FLS. The immune response is fur-

ther stimulated by immune complex and com-

plement activation. Synthesis of cytokines and 

synovial vascular inflammation will lead to sy-

novial inflammation and bone disintegration 

(Wójcik et al., 2021). 

Genetics and epigenetics are one of the many 

complex features associated with the patho-

genesis of RA. It involves an elaborate sequence 

of immunological and molecular events initiated 

by various genetic and environmental factors. 

Individuals who carry the risk genes, especially 

the alleles of HLA-DRB1, are more likely to de-

velop autoimmune disorders in the case of ex-

posure to certain environmental factors, inclu-

ding smoking, infections, or microbiome alte-

rations (Sokolova et al., 2021). These environ-

mental factors increase post-translational modi-

fications of proteins via the citrullination pro-

cess mediated by the peptidyl arginine deimi-

nase (PAD) enzyme. This leads to citrullinated 

proteins. The immune system perceives the mo-

dified proteins as a neoantigen, which triggers 

the production of anti-citrullinated protein anti-

body (ACPA) with activation of auto-reactive B 

and T cells (Ding et al., 2023). Consequently, 

inflammation will be increased due to the im-

mune reaction, resulting in immune cell in-

filtration and formation of an inflamamatory 

microenvironment. Inflammation leads to syno-

vial hyperplasia and pannus formation, causing 

cartilage breakdown and bone erosion via 

osteoclast activation (Deshmukh, 2023). One of 

the most popular antipyretic and analgesic me-

dications is NSAIDs. Its primary method of 

reducing inflammation is by blocking COX, 

which lowers the synthesis of prostaglandins. 

Regrettably, both selective and non-selective 

NSAIDs are linked to a significant risk of ad-

verse events, such as cardiovascular and gas-

trointestinal problems, while new biologics are 

more expensive (Ge et al., 2022). All these 

events contribute to RA development. Under-

standing this complicated sequence of events 
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provides a scientific background for a nutra-

ceutical approach to RA management along 

with drug therapy. Nutritional components are 

able to affect many factors involved in the 

above-mentioned pathophysiological pathway, 

including cytokine secretion, MAPK, NF-κB 

signaling and oxidative stress. For instance, 

polyphenols (resveratrol, quercetin) and omega-

3 fatty acids affect the NF-KB and MAPK 

pathways; antioxidants found in fruits and 

millets lower oxidative stress levels, and cur-

cumin and fucoidan block COX-2 and LOX 

activity. 

This review aims to summarise the evidence 

regarding functional foods and bioactive com-

pounds in RA management, evaluate gene-nu-

trient interactions influencing nutrient bioavaila-

bility and therapeutic response, and explore the 

role of artificial intelligence and machine lear-

ning in developing personalised nutrition stra-

tegies for RA patients. 

MATERIALS AND METHODS  

When susceptibility factors stimulate the forma-

tion of autoantibodies to produce the immune 

response, adaptive immunity is triggered to-

wards peptidylarginine and peptidylcitrulline. 

Antigen-presenting cells (APCs) deliver these 

changes into the lymphatic tissues, where in-

flammatory cytokines (IL-6,8,17 etc.) are syn-

thesised due to the activation of macrophages, 

APCs, and FLS. The immune response is fur-

ther stimulated by immune complex and com-

plement activation. Synthesis of cytokines and 

synovial vascular inflammation will lead to sy-

novial inflammation and bone disintegration 

(Wójcik et al., 2021). 

Genetics and epigenetics are one of the many 

complex features associated with the pathogen-

nesis of RA. It involves an elaborate sequence 

of immunological and molecular events initiated 

by various genetic and environmental factors. 

Individuals who carry the risk genes, especially 

the alleles of HLA-DRB1, are more likely to 

develop autoimmune disorders in the case of 

exposure to certain environmental factors, inclu-

ding smoking and infections. The present re-

view was conducted using the PRISMA 2020 

guidelines that ensured transparency in the iden-

tification, screening, eligibility, and inclusion 

processes of selected articles. In addition, the 

topic covered by this review considered the 

involvement of functional foods and bioactive 

compounds in managing rheumatoid arthritis, 

along with genomic or artificial intelligence ap-

proaches. 

Search strategy 

A comprehensive literature search was con-

ducted using Scopus, PubMed, Web of Science, 

ScienceDirect, and Google Scholar to identify 

relevant publications on rheumatoid arthritis, 

functional foods, nutrigenomics, personalised 

nutrition, and artificial intelligence. In PubMed, 

both MeSH terms and free-text keywords were 

used to enhance the retrieval of relevant lite-

rature. Search terms included “Rheumatoid 

Arthritis”, “Functional Foods”, “Nutrigeno-

mics”, “Bioactive Compounds”, “Precision Nu-

trition”, “Artificial Intelligence”, “Machine 

Learning”, and “Gene–Diet Interactions”, com-

bined using Boolean operators (AND, OR). 

Peer-reviewed original research articles, clinical 

studies, systematic reviews, meta-analyses, and 

recent review articles published between 2006 

and 2026 were considered for inclusion. Addi-

tional information was obtained from reports, 

guidelines, and fact sheets published by re-

cognised organisations such as FAO, WHO, and 

FSSAI. Reference lists of selected articles were 

also screened to identify further relevant stu-

dies. 

Eligibility criteria  

Eligibility criteria entailed studies that had been 

written in the English language, were related to 

rheumatoid arthritis, and looked into functional 

food items, bioactive components, immune-

logical/inflammation-related pathways, gut mi-

crobiota, genomic linkages, and/or artificial in-

telligence-based techniques pertaining to nu-

tritional therapies for RA. Both original re-

search studies and clinically relevant reviews of 

the literature were taken into consideration. Du-

plicates, abstracts from conferences, editorials, 

commentaries, and studies not related to the to-

pic of the present review were excluded. 

Study selection 

A flowchart of studies was designed using the 

PRISMA flow chart approach, which includes 

the number of records identified, screened, ex-

cluded and included, with reasons for exclusion 

at the full text stage of the search procedure. 

Duplicate articles were initially removed, and 

thereafter, the titles/abstracts were scrutinized 

for relevancy. Inclusion/exclusion criteria were 

applied to full-text articles considered for the 

present review. 
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Data extraction 

Information extracted from every article se-

lected for inclusion in the study included author, 

date of publication, research methodology used 

in the investigation, bioactive compounds under 

discussion or food items discussed, proposed 

mechanisms or theories explaining potential 

effects of certain substances on health, and re-

lation to rheumatoid arthritis, genomics, or use 

of an AI-based approach. 

Reporting considerations 

The period of research covered included public-

cations issued between 2001 and 2026, and a 

total number of 640 sources were found using 

the above-listed databases. After the exclusion 

of 145 duplicate papers, 495 studies were left 

for screening based on title and abstracts. 300 of 

those papers were not relevant, and therefore, 

they were not used further in the review pro-

cess. 195 papers proceeded to the next stage of 

evaluation, but another 80 records were exclu-

ded because of low thematic relevance, non-

scientific character of publications, unavailabi-

lity of a complete paper, or lack of relevance to 

the review purpose, or microbiome alterations 

(Sokolova et al., 2021).  

These environmental factors increase post-trans-

lational modifications of proteins via the citrul-

lination process mediated by the peptidyl ar-

ginine deiminase (PAD) enzyme. This leads to 

citrullinated proteins. The immune system per-

ceives the modified proteins as a neoantigen, 

which triggers the production of anti-citrul-

linated protein antibody (ACPA) with activation 

of autoreactive B and T cells (Ding et al., 2023). 

Consequently, inflammation will be increased 

due to the immune reaction, resulting in im-

mune cell infiltration and formation of an in-

flammatory microenvironment. Inflammation 

leads to synovial hyperplasia and pannus forma-

tion, causing cartilage breakdown and bone 

erosion via osteoclast activation (Deshmukh, 

2023). One of the most popular antipyretic and 

analgesic medications is NSAIDs. Its primary 

method of reducing inflammation is by blocking 

COX, which lowers the synthesis of prostaglan-

dins. Regrettably, both selective and non-se-

lective NSAIDs are linked to a significant risk 

of adverse events, such as cardiovascular and 

gastrointestinal problems, while new biologics 

are more expensive (Ge et al., 2022). All these 

events contribute to RA development. Under-

standing this complicated sequence of events 

provides a scientific background for a nutraceu-

tical approach to RA management along with 

drug therapy. Nutritional components are able 

to affect many factors involved in the above-

mentioned pathophysiological pathway, inclu-

ding cytokine secretion, MAPK, NF-κB signal-

ling, and oxidative stress. For instance, poly-

phenols (resveratrol, quercetin) and omega-3 

fatty acids affect the NF-KB and MAPK path-

ways; antioxidants found in fruits and millets 

lower oxidative stress levels, and curcumin and 

fucoidan block COX-2 and LOX activity. 

This review aims to summarise the evidence re-

garding functional foods and bioactive com-

pounds in RA management, evaluate gene-

nutrient interactions influencing nutrient bio-

availability and therapeutic response, and ex-

plore the role of artificial intelligence and ma-

chine learning in developing personalised nutri-

tion strategies for RA patients. 

FUNCTIONAL FOODS AND BIOACTIVE 

COMPOUNDS FOR RA MANAGEMENT 

Definition and significance of functional 

foods 

Functional foods are defined as foods with bio-

logically active ingredients that offer health ad-

vantages beyond simple nutrition due to their 

correlation with physiological health benefits 

associated with the prevention of multiple chro-

nic diseases (Alkhatib et al., 2017). These are 

referred to by various terminology, including 

nutraceuticals, designer foods, vita foods, 

pharma foods, medicinal foods, super foods and 

more (Essa et al., 2021). Another accepted de-

finition is that they are “Foods that contain sub-

stances, in addition to nutrients, that may have 

potentially positive effects on health, beyond 

basic nutrition” (FAO, 2022). Functional foods 

encompass a wide range of food categories in-

cluding cereals, legumes, seeds, vegetables, 

fruits, dairy products, beverages, fishes, herbs 

and spices. Each category offers unique health-

promoting properties such as anti-inflammatory, 

immune-supportive, and disease-preventive ef-

fects. Additionally, they help prevent cancer, 

osteoporosis, high blood pressure, cholesterol, 

improve digestion, ease pain, and manage 

diabetes and depression (Das et al., 2011). De-

pending on the source, components, mechanism, 

chemical nature and properties, including live 

microorganisms such as probiotics (Fig. 1), 

which provide health benefits in addition to fun-

damental dietary elements. 
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Figure 1. Categorization of functional foods 

 

Overview of bioactive compounds from 

functional food that benefit RA management 

Functional foods contain a wide range of Bio-

active Compounds (BCs) that distinguish them 

from conventional food choices. These consti-

tuents, which range from vitamins, minerals, 

phytochemicals and essential fatty acids con-

tains health-promoting properties that go be-

yond simple sustenance (Akhtar et al., 2023). 

Antioxidants, which neutralise dangerous free 

radicals and lower inflammation and oxidative 

stress, are abundant in many functional foods. 

Omega-3 fatty acids lessen the risk of heart 

disease and regulate cholesterol and are found 

in certain nutraceuticals (Bachheti et al., 2022). 

In addition to supporting digestive health, fibre, 

a prominent ingredient in functional foods, 

helps control body weight by increasing the fe-

eling of satiety (Temple, 2022).  

These natural dietary ingredients are either or-

ganic or inorganic substances that have the abi-

lity to modulate multiple metabolic pathways or 

processes, enhancing health and fostering wel-

lbeing. Studies indicate a strong relationship 

between health, well-being, and functional die-

tary elements (Abuajah et al., 2014). Functional 

components thereby promote health at various 

stages of ailment control, which are linked to 

several progressive processes, from initiation to 

development. They can therefore be effectively 

utilised for treatment to prevent illnesses (Salehi 

et al., 2020). 

Phytochemicals are physiologically active, nu-

trient-free substances derived from plants that 

function in the human body to postpone the 

onset of a number of chronic illnesses and more 

than 900 phytochemicals are identified in food 

(Busch et al., 2015). Mostly dietary polyphenols 

may help prevent the onset and symptoms of 

RA, based on the evidence from cell culture stu-

dies, animal models and clinical trials. They 

have been shown to lower plasma levels of in-

flammatory mediators as well as morning stif-

fness, discomfort and post-activity pain in RA 

patients (Christman & Gu, 2020).  

For instance, allicin from garlic reduces syno-

vial inflammation by inhibiting NF-κB acti-

vation and suppressing the production of pro-

inflammatory cytokines including TNF-α and 

IL-6 (Borlinghaus et al., 2014). Ginger has gin-
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gerol and shogaol, which decrease prostaglandin 

and leukotriene production, which are linked to 

joint inflammation by inhibiting COX-2 and 5-

LOX enzymes. Clinical studies in RA patients 

have demonstrated reductions in pain scores and 

inflammatory markers with ginger supple-

mentation (Gunathilake & Rupasinghe, 2014). 

Honey-derived polyphenols, including caffeic 

acid and kaempferol, reduce oxidative stress 

and suppress macrophage-mediated inflamma-

tory signalling relevant to synovial pathology 

(Rao et al., 2017). Anthocyanins from berries 

such as blueberries and strawberries scavenge 

reactive oxygen species, downregulate NF-κB-

driven cytokine expression, and have demon-

strated cartilage-protective effects in preclinical 

arthritis models (Devore et al., 2012). The main 

bioactive component of turmeric, curcumin, 

decreases COX-2 expression, inhibits NF-κB 

and AP-1 transcription factors, and lowers 

blood levels of IL-1β, TNF-α and IL-6. DAS28 

scores have significantly decreased in RA pa-

tients using curcumin supplements, according to 

many randomised controlled studies (Aggarwal 

& Sung, 2008). The benefits of green tea ca-

techins, especially epigallocatechin-3-gallate 

(EGCG), include reducing cartilage degradation 

in collagen-induced arthritis models, lower ma-

trix metalloproteinase activity in Fibroblast-like 

Synoviocytes (FLS), and blocks IL-6 mediated 

JAK/STAT signaling (Yang & Wang, 2016). 

Collectively, these phytochemicals illustrate 

how diverse BCs in functional foods converge 

on fundamental inflammatory pathways that are 

essential to RA pathogenesis. 

Mechanism of action and therapeutic poten-

tial of BCs from food source  

Cereals 

One of the primary categories of functional food 

is cereals, which include wheat bran, oats, and 

maize. These foods are widely recognized for 

their high fiber content, which is crucial for 

maintaining digestive health and excluding 

conditions like constipation and diverticulitis 

(Khan et al., 2022). Along with lowering cho-

lesterol and controlling blood sugar, fibre pro-

motes cardiovascular health (Konstantinidi & 

Koutelidakis, 2019). Furthermore, certain grains 

include phytochemicals like phenolic acids that 

function as antioxidants and shield the body 

from oxidative stress, inflammation, and oxi-

dative damage (Guo et al., 2021). Rice-derived 

natural peptide networks and zein peptides 

target TNF-α/IL-1β in chondrocytes and NF-κB 

in endothelial cells. Broken rice peptides inhibit 

NO/cytokines in LPS-macrophages, zein blocks 

TNF-α monocyte adhesion via NF-κB suppres-

sion and rapeseed peptides (LY/RALP/GHS) re-

duce ROS/lipid peroxides. Clinical studies in-

dicate that rice-derived NPNs inhibit TNF-α and 

improve inflammatory status in ageing popula-

tions (human trial) (Kennedy et al., 2020). 

Legumes 

Because of their distinct nutritional profile, 

soybean and derivatives such as soy protein 

isolate, soy milk, soy oil, tofu and tempeh stand 

out within the legume family (Kumar et al., 

2024). They are particularly noteworthy for ha-

ving a high protein and isoflavone content, 

which improves heart health by lowering LDL 

cholesterol levels (Setchell & Lydeking-Olsen, 

2003). Isoflavones, a kind of phytoestrogen that 

is prevalent in soybeans, play a major role in the 

metabolism of bone tissue, improving its den-

sity and preventing bone loss (Miedziaszczyk et 

al., 2023). Lunasin (43-aa soybean peptide) re-

duces IL-1β chondrocyte proliferation, type II 

collagen loss and inhibits synovial fibroblast 

proliferation/apoptosis via MMPs (Jia et al., 

2015). Genistein suppresses FLS exosomes 

(Rab27/nSMase2/Mfge8/Dvl3/β-catenin/miR-

221-3p) and enhances osteoblast mineralisation 

(Liu et al., 2025). Apart from soy, chia seed-

derived peptides contain a high concentration of 

protein compared to cereals and are rich in poly-

phenols. It exhibits anti-inflammatory activity 

by attaching to immunological receptors, re-

duces NF-κB translocation, inhibits the inflam-

matory enzymes COX and nitric oxide synthase 

(NOS) (Mensah et al., 2024). 

Seafoods and oils 

Fatty fishes like mackerel, salmon, and tuna are 

rich in omega-3 fatty acids, which are vital for 

heart functionality, cognitive function, and de-

creasing inflammation. Omega-3 fatty acids like 

EPA and DHA are crucial for maintaining car-

diovascular health because they lower blood 

pressure and the risk of heart attacks and strokes 

(Jovanovic et al., 2021). By stimulating blood 

valve relaxation and reducing arterial stiffness, 

alpha-linolenic acid (ALA), a kind of omega-3 

fatty acid that is prevalent in flaxseed oil, may 

enhance blood flow and heart health (Thomas et 

al., 2015). In RA, EPA/DHA reduces pro-in-

flammatory eicosanoids (COX-2), cytokines 

(IL-1β/TNF-α/IL-6) via monocyte modulation 
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in combination with metformin targets like 

JAK/STAT, PI3K/AKT/mTOR, TLR and 

MAPK. Clinical trials have shown the reduction 

of DAS28/NSAIDs and plasma IL-1β in fish oil 

RCTs (El-Sayyad et al., 2021).  

Vegetables 

Sometimes called "leafy greens," the BCs found 

in leafy vegetables exhibit several biochemical 

properties (Sagar et al., 2018). Although they 

are only found in minimal levels, these meta-

bolites are essential to the secondary meta-

bolism of plants (Pateiro et al., 2023). Nutrient 

content and phytocompounds are abundant in 

leafy vegetables including spinach, tomatoes, 

onions, garlic, carrots and psyllium. These are 

essential sources of vitamins, minerals, and die-

tary fibers have antioxidant, anti-cancer and 

anti-inflammatory effects (Koss-Mikołajczyk et 

al., 2019). The lowest risk for cancer was found 

at 600 g/day consumption, while the lowest risk 

for stroke, CVD and mortality was found at 800 

g/day of consumption (Aune et al., 2016). The 

body converts beta-carotene, a strong antioxi-

dant found in carrots, into vitamin A, which is 

essential for immunity and ocular wellness. 

Lycopene is an acyclic isomer of β-carotene that 

raises glutathione/IL-10, decreases TNF--α/IL-

6/myeloperoxidase, inhibits IL-1β induced NF-

κB/STAT3 in chondrocytes, and activates NrF2 

(Dixit et al., 2023). Psyllium’s high fibre con-

tent promotes good digestion and blood sugar 

regulation. Leafy greens like spinach and kale 

are rich in minerals like calcium and iron, as 

well as vitamins A, C, and K. These substances 

inhibit cytokines, synovial hyperplasia, and in-

flammation in CIA rats by targeting the MAPK 

pathways (Wickramasinghe et al., 2020). Quer-

cetin and Organosulfur compounds found in 

garlic and onions demonstrates the ability to tar-

get cytokine production, T/B cell modulation, 

decrease pro-inflammatory genes and boost 

Treg induction, lowering the risk of cardiovas-

cular disease (Ried et al., 2018). 

Fruits 

Citrus fruits such as lemon, oranges, and grape-

fruit are rich in vitamin C content, flavonoids 

(quercetin, rutin, and kaempferol, naringin, hes-

peridin), coumarins, terpenoids (limonoids and 

carotenoids), carotenoids (α- and β-carotene, 

violaxanthin, lutein) and pectin. Kaempferol in-

hibits the activation of NF-κβ and phosphor-

rylation of ERK1/2, p38, and JNK by lowering 

the levels of cytokine IL-1 β (Aruoma et al., 

2012). It acts as a powerful antioxidant that is 

essential for scavenging free radicals in the 

body, shielding cells from oxidative damage, 

and lowering inflammation (Baiano & Del 

Nobile, 2015). Avocados are a great source of 

oleic acid and other good monounsaturated fats 

that lowers cholesterol and prevents breast 

cancer. It contains vitamin E, a carotenoid 

called lutein, which prevents prostate cancer 

from developing. Also, the high potassium con-

tent of avocados is associated with lowering 

blood pressure (Mezzomo & Ferreira, 2016).  

Raspberry extract has anthocyanins and ellagi-

tannins that protect cartilage and reduce inflam-

mation in explants/CIA rats. An in vivo study 

reported that mangiferin from mangoes down-

regulates IL-1β, IL-6, and TNF-α, inhibits NF-

κB signalling, and activates ERK1/2. Fig con-

tains ficin and polyphenols, which reduce oxi-

dative stress and improve histology in CFA rats. 

Bell peppers contain capsaicin that targets 

COX-2 pathways and shows a reduction in IL-

6/TNF-α in CFA rats (Bala & Gupta, 2026). 

Magnesium, calcium, manganese, phosphorus, 

and copper are the minerals that are abundant in 

pears. According to Carluccio et al. (2016), 

these minerals help to prevent the loss of bone 

mineral, which is beneficial in preventing disea-

ses like osteoporosis (Carluccio et al., 2016). 

Dairy foods 

Probiotics, calcium, and vitamin D are present 

in abundance in yoghurt and other fermented 

dairy products. By balancing the intestinal flora, 

probiotic bacteria present in these foods help to 

preserve gut health, facilitating digestion and 

nutrient absorption (Ratajczak et al., 2021). Pro-

biotics may also lower the chance of developing 

several chronic conditions, such as irritable bo-

wel syndrome and inflammatory bowel disease.  

Calcium and vitamin D, which are essential for 

strong bones, osteoporosis prevention, and tooth 

development, are found in dairy products (Iva-

nov et al., 2021). They modulate RA related 

signalling pathways primarily via gut-immune 

modulation, producing SCFAs (butyrate/ace-

tate) that inhibit NF-κB/TLR4, restore 

Th17/Treg balance, enhance epithelial barriers 

(Zo-1/TJs), and suppress cytokines (TNF-α/IL-

6/IL-17/IL-12) while boosting IL-10/Tregs. 

Strains like Lactobacillus casei, Bifidobac-

terium adolescentis, L. helveticus, and Parabac-

teroides histicola show preclinical/clinical 

efficacy (Ferro et al., 2021). 
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Though the immunomodulatory and anti-in-

flammatory potential of functional foods and 

bioactive compounds is demonstrated, their 

clinical efficacy is inconsistent across patients. 

This variability is mainly attributed to the indi-

vidual’s genetic architecture rather than the pa-

tients’ therapeutic response to dosages, its for-

mulations or the severity of the disease. The cy-

tokine suppression achieved in one patient by 

following one particular dietary intervention 

may not be effective for another due to inherited 

variations in the absorption process, metabo-

lization and bioconversion of nutrients in to 

active form. Hence, knowledge about gene-nu-

trient interaction is important for translating the 

functional food therapy into consistent, perso-

nalized clinical approaches for RA manage-

ment. 

GENOMIC INSIGHTS IN NUTRIENT 

ABSORPTION AND METABOLISM 

The relationship between the human genome 

and nutrient metabolism is highly individualised 

compared to traditional guidelines. In the con-

text of RA, understanding how genomic varia-

tion shapes nutrient absorption, metabolism, and 

bioavailability is critical, as the efficacy of fun-

ctional foods and their bioactive compounds as 

therapeutic agents is substantially modulated by 

the genetic architecture of the individual patient.  

Nutritional science is presently using high-

throughput “omics” scientific technologies, 

such as proteomics, metabolomics, transcript-

mics, microbiomics, and genomics, to determine 

the underlying mechanisms of the detrimental 

effects of certain nutrients and to provide accu-

rate dietary recommendations (Cassotta et al., 

2021). Food choices and diet are the key 

environmental variables that interact with the 

genome, transcriptome, proteome, metabolome 

and microbiota. This lifelong interaction 

determines an individual’s state of health and 

illness (Gioia et al., 2020). 

 

 

Figure 2. Personalized nutrition through nutrigenetics and nutrigenomics 

O
N

LI
N

E 
FI

R
ST



Shirin Fargana Bava et al., Exploring functional foods and bioactive compounds in rheumatoid arthritis management: A nutrigenomic and 

AI-driven perspective, Food and Feed Research, 00 (0), 00-00, 0000 

 

In its broadest contemporary definition, nutrige-

nomics refers to the use of genomics, proteo-

mics, transcriptomics, metabolomics, and epige-

nomics to clarify the molecular relationships 

between gene and nutrient. It also includes 

nutrigenetic studies that investigate relation-

ships between genetic variants and diet in regu-

lating disease risk (Sales et al., 2014), as de-

picted in Fig. 2. The integrated use of genetic 

polymorphisms into nutritional epidemiology 

research has direct therapeutic value for RA 

patients. This has made it possible for re-

searchers to address several limitations, notably 

genetic variability that affecting absorption, dis-

tribution, metabolism, elimination and biotrans-

formation of a nutrient or bioactive food com-

ponent. 

Single nucleotide polymorphisms and their 

role in nutrient metabolism and bioavaila-

bility 

The most prevalent type of genetic variation in 

the human genome is represented by single 

nucleotide polymorphisms (SNPs), which are 

crucial for examining the variations in dietary 

responses across individuals. Nutrigenetics is 

presently employed to assess the genes involved 

in transport and metabolism of nutrients, eli-

mination of toxins, and defense against oxide-

tive stress, which are pertinent to the pathophy-

siology of RA (Table 1). 

Vitamin D receptor (VDR) gene poly-

morphism 

Vitamin D is an immunomodulatory micron-

trient with documented relevance to autoim-

mune inflammation. Variants in the vitamin D-

related VDR gene have commonly been asso-

ciated with the risk of a range of skeletal and 

non-skeletal health outcomes, as well as autoim-

mune illnesses including RA and systemic lupus 

erythematosus (Niforou et al., 2020). SNPs in 

the VDR gene influence vitamin D availability 

and are associated with an increased risk of os-

teoporosis in individuals with less calcium in-

take (Bonetti et al., 2022). Beyond bone health, 

reduced VDR signalling efficiency due to poly-

morphic variants is a particular concern in RA, 

Table 1. 

Key genes and their nutrient - RA relevance 

Gene Nutrient affected Mechanism RA Relevance References 

VDR Vitamin D Receptor binding efficiency 
Immune modulation, anti-

inflammatory signaling 

Bonetti et al., 

2022 

MTHFR Folate, B12 Enzyme activity reduction 
Homocysteine elevation, DNA 

methylation, oxidative stress 

Shane et al., 

2018 

FADS1/FA

DS2 

Omega-3 (EPA, 

DHA) 

Desaturase activity, PUFA 

conversion 

Pro- or anti-inflammatory 

eicosanoid balance 

Coulson & 

Mutch, 2025 

HFE Iron 
Intestinal absorption 

regulation 

Oxidative injury in synovium, 

anaemia of inflammation 
Stover, 2006 

HLA-

DRB1 

Microbiome-

mediated 
Gut microbiota composition 

Polyphenol bioavailability, gut-

joint axis 
Hu et al., 2025 

APOE Dietary lipids 
Lipid transport and 

metabolism 

Modulates lipid related 

inflammatory pathways and 

CVD risk in RA 

Toga & 

Mazziotta, 

2007 

 

PPARG 
Fatty acids, 

Polyphenols 

Regulation of adipogenesis 

and inflammation 

Influences inflammatory 

cytokine production and 

metabolic responses 

Song et al., 

2022 

PPARA 
Fatty acids, 

Polyphenols 

Fatty acid oxidation and 

energy metabolism 

Mediates anti-inflammatory 

effects of omega-3 fatty acids 

Paradis et al., 

2005 

 

CYP2R1 Vitamin D 

Encodes the primary 

hepatic 25-hydroxylase 

responsible for conversion 

of vitamin D to 25-

hydroxyvitamin D 

[25(OH)D] 

Genetic variants in CYP2R1 

influence circulating vitamin D 

levels, potentially affecting 

immune regulation, 

inflammation, and susceptibility 

to autoimmune diseases 

including RA 

Akter et al., 

2026 

 

NR1H3 

Cholesterol-derived 

oxysterols, dietary 

lipids, omega-3 

fatty acids 

Regulates lipid metabolism, 

cholesterol homeostasis, 

and inflammatory responses 

Activation of NR1H3 (LXRα) 

suppresses pro-inflammatory 

cytokine production and 

macrophage activation, 

suggesting a protective role in 

RA-associated inflammation 

Mooijaart et al., 

2007 
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where immune dysregulation is the central pa-

thological feature. 

Methylene Tetrahydrofolate Reductase 

(MTHFR) gene and folate metabolism 

The MTHFR gene encodes a key enzyme in 

folate metabolism. The C677T (rs1801133) 

SNP is a C to T transition at position 677, 

causes alanine to valine substitution, producing 

a thermostable protein with reduced activity. 

Individuals with the TT genotype show lower 

folate, higher homocysteine and increased di-

sease risk (Molloy, 2011). The C677T poly-

morphism appears as T/T in 5-10% and C/T up 

to 40% of the general population. Together with 

A1298C, it reduces MTHFR activity, impairs 

folate accumulation, and elevates plasma homo-

cysteine, a vascular disease risk factor (Shane et 

al., 2018). In RA, elevated homocysteine also 

amplifies systemic oxidative stress and endo-

thelial dysfunction, compounding articular and 

cardiovascular comorbidities. Significantly folic 

acid supplementation can mitigate the negative 

health effects of these SNPs by decreasing 

plasma homocysteine levels (Farhud et al., 

2010). 

High Iron Fe (HFE) gene and iron ab-

sorption 

Iron dysregulation is an underappreciated facet 

of RA-associated anaemia and inflammatory 

burden. The HFE gene carries a common 

Cys282Tyr polymorphism linked to hereditary 

haemochromatosis, an iron overload disorder 

that causes excess deposition in the liver, heart, 

and endocrine glands. The HFE protein re-

gulates cellular iron balance and controls 

intestinal absorption by modulating transferrin 

receptor – transferrin interactions (Stover, 

2006). Variants in HFE may therefore modulate 

iron-mediated oxidative injury in RA synovial 

tissue, while altering the bioavailability of die-

tary iron from functional foods. 

Fatty Acid Desaturase (FADS) gene cluster: 

Omega-3 fatty acid metabolism and inflam-

matory signalling 

The most clinically consequential genomic fac-

tor in the context of RA and functional food the-

rapy is variation in FADS gene clusters like 

FADS1 and FADS2 genes. Their interactions 

activate key fatty acid desaturases that trans-

form linoleic (LA) and alpha-linolenic acid 

(ALA) into their long-chain, highly unsaturated 

fatty acid (HUFA) counterparts. These gene-nu-

trient interactions impact the levels of n-6 and 

n-3 HUFA, which are subsequently transformed 

into a broad range of lipids with signalling ro-

les, such as eicosanoids, docosanoids, other 

oxylipins, and endocannabinoids (Chilton et al., 

2022). 

Eicosapentaenoic acid (EPA) and docosahexa-

noic acid (DHA) are two examples of n-3 long-

chain polyunsaturated fatty acids (LC-PUFAs) 

that have potent anti-inflammatory capabilities. 

FADS1 and FADS2 genes mediate their shared 

pathway with n-6 PUFA production. Changes in 

LC-PUFA levels and FADS1/2 expression are 

linked to genetic variations in the FADS gene 

cluster (Coulson & Mutch, 2025). 

SNPs in the FADS gene cluster affect endo-

genous conversion of α-linolenic acid (ALA) to 

EPA and DHA. Variant alleles in FADS1/2 

reduce desaturase activity, lowering circulating 

levels of EPA. This has therapeutic relevance in 

rheumatoid arthritis, as uniform omega-3 sup-

plementation may be inadequate. Patients with 

minor FADS allele defects may benefit more 

from direct EPA/DHA intake from marine 

sources rather than plant derived ALA (Wang et 

al., 2020). 

Additionally, FADS1 and FADS2 genetic poly-

morphisms are linked to fatty acid metabolism 

by altering gene expression and DNA methyla-

tion. This implies that the connection between 

chromosomal diversity and PUFA availability is 

mediated by epigenetic processes (He et al., 

2018). The epigenetic factors introduce ad-

ditional complexity, such as dietary bioactive 

compounds such as curcumin and resveratrol, 

which modulate DNA methylation patterns. 

This may indirectly influence fatty acid meta-

bolism in FADS variant carriers. 

Gut microbiome, genetic susceptibility, and 

nutrient bioavailability 

Factors affecting nutrition absorption do not 

only include variations in the metabolic en-

zymes. The genetic makeup of the patient will 

impact the nature of the gut microbiota and 

hence will influence the availability of the bio-

active compounds in the food consumed. Some 

of the susceptibility alleles associated with RA 

include the HLA-DRB1, PTPN22 and PADI4 

alleles and are identified through genome-wide 

association studies (GWAS).  

Surprisingly, even individuals who are asympto-

matic but carry the HLA-DRB1 susceptibility 
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allele present unique changes in the gut micro-

biota, where there is an increase in abundance 

of Lachnospiraceae, Clostridiaceae and Bifido-

bacterium longum (Hu et al., 2025). These 

changes in microbiota composition influence 

the ability of the gut to convert polyphenols and 

flavonoids, among others to biologically avai-

lable forms. Also, previous studies investigated 

the impact of a Mediterranean Diet enriched 

with fermented foods on gut microbiota and 

rheumatoid arthritis (RA) outcomes. It aims to 

explore how dietary interventions can improve 

disease activity and inflammation in RA pa-

tients, bridging the gap between nutrition and 

disease management (Charneca et al., 2025). 

Dietary components like fibres, polysaccha-

rides, and resistant starch are identified as in-

fluential in combating RA by modulating gut 

microbiota and impacting immune responses 

(Shan et al., 2025). To facilitate adaptive barrier 

responses in the mucosal tissue, hypoxia-in-

ducible factor (HIF) is critical in the regulation 

of tight junction proteins such as claudin-1.  

Maintenance of gut barrier integrity and re-

gulation of iron intake require HIF-2α, whose 

expression is specific to the mucosal epithelium 

(Das et al., 2019). Disruption of this pathway, 

particularly due to the associated inflammation, 

could impair the ability of the gut to absorb 

iron, zinc and lipophilic bioactive compounds. 

Epigenetic modulation of nutrient-gene 

interactions in RA 

Beyond static SNP-based genome variation 

from diet, the additional epigenetic reprogram-

ming of RA synoviocytes influences the trans-

lation of genetic mechanisms to immunological 

effects. Phytochemicals or any other bioactive 

components, including secondary metabolites of 

the plant, inhibit the expression of inflammatory 

or catabolic mediators, thus avoiding the onset 

of inflammatory arthritis. Besides this, phyto-

nutrients also regulate the remodelling of the 

histones and non-coding RNAs involved in 

inflammatory pathways, including the DNA 

methylation epigenetic modification (Villagrán-

Andrade et al., 2024). 

Some of the gene variations include FTO, 

APOE and MTHFR, whose presence changes 

the way people respond to either macronutrients 

or micronutrients in terms of oxidative stress 

and inflammation, among others. With the use 

of various epigenetic mechanisms, which in-

clude DNA methylation, histone modification 

and miRNA, phytonutrients such as polyphe-

nols, Omega-3 Fatty Acids and vitamins play an 

important role in controlling gene expression 

(Antony, 2025). 

Clinical implications towards genotype-

guided nutritional therapy in RA 

Numerous research works confirm the shift 

towards personalized diet and nutritional 

therapy in order to prevent or treat RA in a ge-

notype-guided manner. Application of multiple 

omics technologies allows finding novel bio-

markers associated with the intake of particular 

foods. In addition, this makes human nutrition 

studies possible and, thus, provides the oppor-

tunity to develop preventative measures for RA 

among vulnerable populations. It can also en-

hance the effectiveness of existing treatment 

strategies (Cassotta et al., 2021). 

PREDICTIVE AI IN NUTRIGENOMICS 

FOR RA 

Application of nutrigenomic discoveries in the 

development of dietary strategies for RA pa-

tients is currently limited by methodological is-

sues such as classical statistical techniques. 

While GWAS helped gain substantial know-

ledge about the genetics of complex disorders, 

prediction of the disease and/or traits' outcomes 

on the basis of such studies is currently im-

possible because of statistical models' limita-

tions (Agrawal et al., 2025).  

Recent studies addressed the integration of arti-

ficial intelligence (AI) in nutrition, highlighting 

its potential to enhance public health through 

innovative solutions in dietary assessment and 

disease prevention. This integration is signi-

ficant as it can optimise dietary recommend-

dations and improve individual nutritional 

outcomes, which are crucial for managing 

health issues like diabetes (Theodore Armand et 

al., 2024). However, recent advances in AI and 

ML offer unprecedented opportunities for sol-

ving the issue. 

Nutrition for Precision Health (NPH), being an 

initiative of the NIH All of Us Research 

Program, is dedicated to the development of AI-

based predictive algorithms for food response at 

the individual level. With the use of genetics, 

microbiome, metabolomics and lifestyle factors, 

this program aims to shift from a "one size fits 

all" diet model to personalised nutrition (NIH, 

2025). 
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Multi-SNP nutrigenomic models through 

machine learning architectures 

The primary strength of ML compared to con-

ventional statistics is the capability of modelling 

nonlinear, multi-dimensional relationships bet-

ween multiple genotypes, diets and immune-

logical outcomes all at once. ML methods are 

increasingly used in nutrigenomics to study 

complex interactions between genes and dietary 

variables, which can then be used to make tai-

lored recommendations about nutrition. CNNs 

and other forms of deep learning are particularly 

suitable for analysing genomic and microbiome 

data as biological indicators of nutrition sen-

sitivity and improving biomarker discovery sca-

ling and precision (Doussiere et al., 2026; Yu et 

al., 2018).  

In addition, gradient-boosted machine learning 

models like XGBoost can iteratively refine their 

predictions, giving them an edge in the face of 

class imbalance and large feature spaces typical 

of RA genomic datasets. ML polygenic scoring 

of RA risk has shown remarkable results. 60-

70% of variation in RA susceptibility is at-

tributable to genetics. ML studies have suc-

cessfully created predictive models using SNPs 

combined with traditional risk factors, whereby 

the best results were obtained using the 

XGBoost algorithm, as measured by key me-

trics such as area under the curve and F-1 scores 

(Xu & Wu, 2025; Shi et al., 2024).  

Critically, utilizing each SNP as a separate pre-

dictor may be advantageous since treating SNPs 

as predictors does not rely on assumptions about 

additivity, whereas poly-genic risk scores do. 

Therefore, this method could more effectively 

capture polygenic liability of RA (Dubey et al., 

2024). This distinction is especially important 

for nutrigenomic modelling, where the joint 

effects of multiple low-penetrance variants on 

fatty acid metabolism or folate bioavailability 

cannot be captured by additive linear models. 

PRS-Net is an interpretable geometric deep 

learning framework that deconvolutes genome-

wide polygenic risk scores at single-gene reso-

lution. It leverages graph neural networks to 

capture gene-gene interactions through message 

passing. This approach enhances disease pre-

diction, including RA (Wang, 2025). 

AI integration of multi-omics data for holistic 

dietary prediction 

AI-driven nutrigenomic profiling, integrated 

with multi-omics and computational biology, 

enables precision nutrition with high accuracy 

in predicting individual metabolic responses 

(Hsu et al., 2025). A process known as deep 

phenotyping, which evaluates observable traits 

resulting from a combination of genetic, epige-

netic, societal, environmental, and behavioural 

influences, is made possible by integrating data 

from demographic profiles, genomic and omics-

based sources, and lifestyle metrics. This allows 

for the development of precise nutrition stra-

tegies tailored to individual health needs (Ma-

hdavi, 2025; Wani et al., 2026). For RA pa-

tients, deep phenotyping unifies HLA-DRB1 

genotype, microbiome, cytokines, nutrients and 

diet into an AI model delivering real-time, ge-

notype-aware dietary recommendations. 

Large-scale trials like PREDICT validated 

multi-omics AI nutrition, achieving approx. 

60% accuracy in forecasting individual gly-

cemic and lipid variability (Mukherjee et al., 

2024). The FOOD4ME trial showed genotype-

guided nutrition led to greater, sustained 24-

month reductions in BMI and cholesterol versus 

general advice (Celis-Morales et al., 2016). 

Translating this paradigm to RA-specific fun-

ctional food research represents one of the most 

promising frontiers in the field. 

AI for bioactive compound discovery and 

functional food optimisation for RA 

AI is instrumental in accelerating the bioactive 

compound discovery process for the treatment 

of RA and optimizing functional food products 

to minimize inflammation. Several recent stu-

dies describe AI applications in virtual scre-

ening, predictive modeling, and peptide charac-

terization for RA target compounds such as 

TNF-α (Nabi et al., 2024). AI models conduct 

virtual screening on natural compounds using 

RA targets (TNF-α, TYK2, IL-6) and predict 

bioactivity (pIC50), thereby identifying hits 

such as Imperiageniline and Gelsemine. Multi-

target virtual screening and molecular dynamics 

simulations identify Rutaecarpine and Heco-

genin as potential candidates (Mansouri et al., 

2025). AI models transform peptide discovery 

from a traditional screening process to a pre-

dictive modelling framework by selecting rice-

derived NPNs to inhibit TNF-α and increase 

strength in inflammaging populations. This re-

sults in early identification of bioactive com-

pounds, enabling efficient development of 

functional ingredients for alleviating RA 

symptoms (Kennedy et al., 2020). Explainable 
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AI (XAI) addresses the “black box” problem of 

AI algorithms by providing explanations to the 

decision-making process, connecting genomic 

information (for example, SNPs in RA patients) 

with diet recommendations and health out-

comes. It is vital for nutrigenomic research in 

RA because of the complexity of gene-diet in-

teractions, requiring trust from physicians and 

regulators (Toussaint et al., 2023). While tra-

ditional deep learning makes predictions based 

on nutrient responses, explainable AI techniques 

such as SHAP (SHapley Additive exPlanations) 

provide insights into variant-specific dietary 

recommendations. Table 2 describes the AI-nu-

trigenomics workflow in Functional food the-

rapy (Wang et al., 2025).  

Patients’ perspective regarding AI in 

rheumatology care 

In Germany, a country-wide survey conducted 

among 778 patients suffering from a rheumatic 

disorder showed high interest in AI applica-

tions, especially when dealing with symptom 

checkers, treatment advice, and Chabot.  

Even though the majority of patients (26.8%) 

did not apply AI to their healthcare practice, 

57.8% were still ready to do so and appreciated 

physician-assisted diagnosis performed by using 

AI solutions. The most important advantages 

that were mentioned include better access to in-

formation and rapidness of disease identifica- 

tion, yet some disadvantages were also found, 

such as wrong application of artificial intel-

ligence and lack of human touch, in addition to 

data confidentiality issues. Cluster analysis re-

sulted in identifying three main groups, namely 

AI-skilled, AI-practical, and AI-pessimistic, that 

depended mainly on demographic variables 

such as age and education (Labinsky et al., 

2025). 

PERSONALIZED APPROACHES IN RA 

MANAGEMENT 

In contrast to the traditional "treat-to-target" 

concept that implies similar therapeutic goals 

for different patients with a heterogeneous cli-

nical presentation, personalised RA manage-

ment considers individual characteristics such 

as genotypes, multifactorial biomarker profiles, 

and severity of comorbid conditions, microbiota 

composition, and dietary traits, thus facilitating 

a patient-specific intervention strategy. This ap-

proach is more holistic in comparison with the 

conventional disease activity-based manage-

ment. It not only utilizes consolidated "treat-to-

target" approach, but also factors linked to 

improved quality of life of patients, including 

dietary regimen. This approach may reduce the 

risk of adverse effects while improving treat-

ment outcomes and preventing the occurrence 

of flare-ups by up to 30-50% (Dey et al., 2024). 
 

Table 2. 

The AI-nutrigenomics pipeline for RA functional food therapy 

AI methodology Nutrigenomic application in RA Key advantages References 

XGBoost  SNP-based prediction of nutrient risk 
High dimensionality; 

handles stratification 
Xu & Wu, 2025 

Random Forest 
Prediction of treatment response and 

identification of nutrient related biomarkers 

Handles high-dimensional 

genomic data; robust 

against overfitting 

Kennedy et al., 2020 

Artificial Neural 

Network (ANN) 

Modelling complex interactions and 

patient-specific responses 

Captures non-linear 

relationships 
Agrawal et al., 2025 

Deep Learning 

Models 
Multi-SNP interaction; FADS pathway risk 

Captures non-linear gene-

diet 
Wang et al., 2022 

Graph Neural 

Network (GNN) 
Analysis of disease interactions 

Identifies biological 

network relationship 

effectively 

Doussiere et al., 2026 

Transformer Models Multi-omics + dietary data integration 
Contextual reasoning 

across heterogeneous data 
Mukherjee et al., 2024 

Polygenic Risk Score 

(PRS) Based Models 

Risk stratification and identification of 

genetically susceptible individuals 

Supports personalized 

prevention strategies 
Wang, 2025 

Explainable AI 

(SHAP) 
Genomic recommendations 

Clinical-regulatory 

transparency 
Wang et al., 2025 

Multi-Omics 

Integration Platform 

Integration of genomics, transcriptomics, 

metabolomics, microbiome and dietary 

information 

Enables comprehensive 

precision nutrition 

approach 

Cassotta et al., 2021 

 

Clinical Decision 

Support System 

(CDSS) 

Decision support administered directly to 

patients through health records 

Facilitates translation of 

research findings into 

clinical practice 

Sutton et al., 2020 
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Genetic profiling based on identification of spe-

cific single-nucleotide polymorphisms (SNPs), 

specifically SNPs in MTHFR and VDR genes, 

enables optimised dosage of folates and vitamin 

D. This is primarily due to the influence of 

folate levels in determining the efficacy and to-

xicity of methotrexate (MTX), which remains 

the first-line DMARD. Previous studies have 

demonstrated that individualisation of nutri-

tional intervention according to one's metabolic 

capacity helps to enhance the effectiveness of 

MTX therapy by 20-40% and, at the same time, 

to reduce the risk of adverse effects associated 

with MTX administration, such as gastroin-

testinal problems or hepatotoxicity (Wang et al., 

2022). As far as the economic costs of RA are 

concerned, they are associated mainly with ex-

pensive biologic agents and indirect costs asso-

ciated with disabilities. Personalised treatment 

strategies might help to stabilise the disease in 

its early stage, thereby reducing the use of ex-

pensive biologic therapies and JAK inhibitors 

for RA-related healthcare. Consequently, im-

proved disease control and lower DAS28 scores 

may help maintain patient productivity. This 

approach may help reduce work disability and 

productivity loss among patients with RA and 

prevent "presenteeism" syndrome (Dey et al., 

2024). Moreover, personalization of RA therapy 

includes pharmacological interventions and so-

cio-environmental factors that influence the 

disease treatment. Hence, these frameworks, 

such as the chronic care model or ecological 

model of health, may prove helpful (Ohta & 

Sano, 2023). 

CLINICAL EVIDENCE OF FUNCTIONAL 

FOODS IN RA 

Clinical evidence of the role of functional foods 

in RA comes from RCTs and animal expe-

riments where there is evidence of the anti-in-

flammatory effect mediated through bioactive 

agents such as omega-3s, polyphenols, and pro-

biotics, resulting in DAS28 score reduction by 

0.5-1.5 points. Though a promising strategy in 

combination with DMARDs, evidence of their 

efficacy differs across the type of functional 

food, with PUFAs and dietary intervention 

having more supporting evidence (Alwarith et 

al., 2019). Clinical trials with personalized 

dietary advice for early-stage RA patients show 

insignificant yet encouraging results of lower 

levels of inflammation markers, lipids profile, 

and higher levels of micronutrients such as 

vitamin C, iron, fibre, and folate after six 

months than the standardized diet. Individuals 

adhering to personalized intervention during 

clinical trial showed significant improvement in 

physical activity and nutrition intake which 

could be beneficial for future treatment (Van 

Den Bruel et al., 2025). Some of the clinical and 

observational studies regarding functional foods 

and bioactive compounds in rheumatoid arthritis 

are summarized in Tab. 3 below. 

There is growing clinical evidence supporting 

the use of functional foods as adjuvant therapies 

in RA. However, substantial heterogeneity has 

been observed across studies (I² = 60%- 80%), 

attributable to variations in dosing, formu-

lations, and patient baseline characteristics. For 

instance, the use of omega-3 results in variable 

effects on DAS28 (1-10 g of EPA and/or DHA 

daily). A major limitation of many studies is the 

small sample size, which is less than 100 parti-

cipants, leading to an increased probability of 

Type II errors and CIs. Only 20% of RCTs had 

a sample size of more than 50 participants. 

Furthermore, challenges remain in the stan-

dardisation and bioavailability of functional 

food ingredients. Hence, well-designed and 

standardised clinical studies are required to esta-

blish an efficient and safe intervention of fun-

ctional foods in the management of RA. 

LIMITATIONS 

Considerable interest has emerged in the use of 

functional foods, nutrigenomics, and artificial 

intelligence for RA management, but there are 

very limited clinical studies. Moreover, these 

studies exhibit substantial clinical and metho-

dological heterogeneity because most studies 

have a relatively small sample size, limited du-

ration of intervention, and variable outcome 

measures. Variations in dietary compositions, 

bioactive compounds’ concentration, patient 

characteristics, and analytical methodologies 

used in research further create challenges in the 

interpretation of the study. In addition to this, 

there are several other limitations, such as the 

lack of standardized biomarkers availability in 

nutrigenomics studies, inadequate external vali-

dation by predictive models, and the longi-

tudinal integration of clinical data for AI appli-

cations. Addressing these challenges and limita-

tions is essential for a well-established persona-

lised nutrient strategy for RA management. 
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Table 3.  

Clinical evidence of functional foods in RA 

Functional food / 

Compound Study type Effect size Key findings Relevance to RA References 

Omega-3 fatty 

acids 

(EPA/DHA) 

Randomized 

clinical trials 

DAS28 WMD -

0.47, NSAID ↓ 

20% 

Reduced joint 

pain, morning 

stiffness, and 

NSAID use 

Anti-inflammatory 

via eicosanoid 

modulation 

Kostoglou-

Athanassiou et 

al., 2020 

Curcumin 

(turmeric) 
Clinical trial 

DAS28 WMD -

1.47 (95% CI -

2.39 to -0.55) 

Reduced DAS28 

score and 

inflammatory 

cytokines 

Inhibits NF-κB and 

inflammatory 

signalling 

Zhang & Niu, 

2025 

 

Mediterranean 

diet 

Longitudinal 

cohort study 

HR - 0.17, CI 

[0.08 -0.37] 

Improved 

physical function 

and reduced 

disease activity 

High antioxidants 

and anti-

inflammatory 

nutrients 

Alawadhi et al., 

2023 

 

Probiotics 

(Lactobacillus 

spp.) 

Clinical 

intervention study 

CRP SMD -0.97 

(p<0.01), DAS28 

-0.6 

Reduced CRP 

levels and 

improved gut 

microbiota 

balance 

Modulates gut-

immune axis 
Paul et al., 2021 

 

Polyphenols 

(green tea 

catechins) 

Experimental + 

clinical evidence 

DAS28 WMD -

1.76 (95%CI   -

2.71, -0.81) 

Reduced 

oxidative stress 

and inflammatory 

markers 

Antioxidant and 

immune regulatory 

effects 

Long et al., 2023 

Vitamin D 
Observational + 

clinical studies 

DAS28/CRP (r = 

- 0.13) 

Low vitamin D 

associated with 

increased RA 

severity 

Immunomodulatory 

via VDR signaling 
Charoenngam, 

2021 

 

Resveratrol 

Randomized 

controlled clinical 

trials  

DAS28 WMD -

1.8 

Reduced 

inflammatory 

cytokines and 

oxidative stress 

Suppression of NF-

kB signaling and 

oxidative damage 

Khojah et al., 

2018 

 

Quercetin 

Randomized 

controlled clinical 

trials 

DAS28 – 1.4 

(p<0.05) 

Reduced joint 

inflammation and 

oxidative stress 

Antioxidant and 

anti-inflammatory 

activity 

Javadi et al., 2016 

 

Genistein 

Preclinical + 

experimental 

studies 

P<0.05 

Downregulation 

of inflammatory 

mediators 

Modulation of 

cytokine signaling 

pathways Moosavian et al., 

2020 

 
Allicin 

Randomized, 

double-blind, 

placebo-

controlled trial 

DAS28 

5.20 ± 0.82 

(P<0.001) 

Reduced 

inflammatory 

responses and 

oxidative stress 

Antioxidant and 

immune 

modulatory effects 

Plant-based diets  
Review and 

clinical evidence 
- 

Improved 

inflammatory 

status and quality 

of life 

Reduced pro 

inflammatory 

dietary load 

Alwarith et al., 

2019 

Dietary fibre and 

prebiotic rich 

foods 

Clinical and 

observational 

studies 

- 

Improved gut 

microbiota and 

reduced 

inflammation 

Production of 

short-chain fatty 

acids and immune 

regulation. 

Supports 

microbiome 

targeted nutrition 

Das et al., 2019; 

Ferro et al., 2021 

 

FUTURE RESEARCH DIRECTIONS 

While the above findings indicate a clear shift 

toward a more integrative approach to RA care 

with an increased focus on functional foods, 

nutrigenomics, and AI, many translational bar-

riers persist. First, multi-omics clinical trials 

that are needed to evaluate the combined effects 

of genomic, transcriptomic, metabolomics, gut 

microbiome, and dietary parameters interaction 

on treatment efficacy should be conducted to 

provide prospective intervention designs. Speci-

fically, standard criteria for biospecimen han-

dling and outcome reporting are crucial for such 

trials to increase their translational potential 

(Gong et al., 2024; Xue et al., 2025). Second, 
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validation of AI models in independent popu-

lations of RA patients is necessary for clinical 

practice to confirm the robustness of the results 

and ensure minimal data quality and explaina-

bility biases in real-life settings. Indeed, recent 

findings indicate that machine learning based on 

metabolomic profiles could be successfully ex-

ternally validated, showing its applicability to 

future nutrigenomics investigations (Tang et al., 

2025). Third, nutrigenomic biomarkers should 

be standardised through a consensus panel in-

volving all factors, including inflammation, nu-

trient metabolism, gut microbiome activity, and 

treatment response. Such measures would sup-

port the principles of reproducibility and inter-

laboratory comparability known to be critical 

for successful translational studies in nutrition 

science (Nourazarain & Vaziri, 2025). Fourth, 

longitudinal trials lasting 6 to 12 months are 

required for dietary interventions in RA patients 

to assess sustained changes, adherence, relapse 

prevention, and safety of such treatments (Raad 

et al., 2024). 

CONCLUSION 

The current approach to the management of RA 

represents a profound paradigm shift from 

population-level standardised treatment through 

a "treat-to-target" approach towards a highly 

specialised and personalised model. Although 

pharmacologic treatments still remain the back-

bone of the therapy, the prohibitive cost of bio-

logical agents and adverse effects of chronic 

administration requires introduction of sustain-

nable and complementary treatment methods. 

Functional foods and bioactive substances 

derived from diverse dietary sources, including 

polyphenolic substances and antioxidants from 

plants or omega-3 fatty acids isolated from ma-

rine animals, have demonstrated considerable 

potential in managing inflammation and oxi-

dative stress related to RA. Another important 

finding from the literature is that the efficacy of 

nutrition-related therapies depends greatly on 

the genetic makeup of the patients. Specific 

mutations in the genes encoding vitamin D re-

ceptor (VDR), methylene tetrahydrofolate re-

ductase (MTHFR), and fatty acid desaturases 

(FADS) affect the availability and uptake of 

certain nutrients, consequently affecting the res-

ponse to nutritional interventions. The emer-

gence of AI/ML technologies represents another 

significant driver of this paradigm shift. 

Through the use of advanced neural networks 

and machine learning approaches such as GNN 

and XGBoost, a clinician can move beyond 

correlation coefficients and develop predictive 

analytics that would take into account the high 

dimensionality of complex interactions between 

multi-omics data and dietary phenotypes. Con-

currently, advances in nutrigenomic studies, in-

cluding genomic profiling, targeted prediction 

of phytochemical targets, and AI-based design 

of functional foods, are contributing to the de-

velopment of personalised nutrient treatment. 

Patients’ attitude towards personalised medicine 

and rapid advances in technologies supports the 

transition from the concept of conventional nu-

trition towards precision nutrition in RA mana-

gement, which also incorporates socioenviron-

mental determinants of health. 
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Sažetak: Sistemska inflamacija i postepeno oštećenje zglobova predstavljaju ključne indikacije 

reumatoidnog artritisa (RA), hronične inflamatorne bolesti. Iako biološki lekovi i lekovi koji 

modifikuju tok bolesti (DMARDs) ostaju osnovna terapijska strategija, njihova dugoročna 

primena često je ograničena visokim troškovima i potencijalnim neželjenim efektima. Kao 

posledica toga, komplementarni pristupi koji integrišu nutricionističke intervencije zasnovane 

na principima precizne medicine dobijaju sve veću naučnu podršku. Ovaj pregled, iz 

perspektive nutrigenomike i veštačke inteligencije, razmatra ulogu bioaktivnih supstanci i 

funkcionalne hrane u tretmanu RA. Bioaktivna jedinjenja (BCs) poreklom iz žitarica, 

mahunarki, voća, povrća, probiotika i namirnica bogatih omega-3 masnim kiselinama, kao što 

su polifenoli, antioksidansi i esencijalne masne kiseline, modulišu imunološki odgovor, 

oksidativni stres i inflamatorne puteve uključene u patofiziologiju RA. Međutim, genetske 

varijante koje utiču na apsorpciju, metabolizam i biodostupnost nutrijenata doprinose 

varijabilnosti kliničke efikasnosti. Nutrigenomski podaci ističu interakcije gena i nutrijenata 

koje uključuju VDR, MTHFR, FADS i HFE, a koji kontrolišu signalizaciju vitamina D, 

metabolizam folata, konverziju masnih kiselina i homeostazu gvožđa. Najnoviji napredak u 

oblasti veštačke inteligencije (AI) i mašinskog učenja (ML) omogućava prediktivno 

modelovanje individualnih dijetetskih odgovora na nutricionističke terapije kroz integraciju 

genetskih, mikrobiomskih i dijetetskih podataka. Funkcionalna hrana, nutrigenomika i analitika 

zasnovana na AI zajedno nude potencijalnu osnovu za kreiranje individualizovanih, 

dugoročnih terapijskih planova za RA. 

Ključne reči: funkcionalna hrana, hronična upalna stanja, nutrigenomika, bioaktivna 

jedinjenja, veštačka inteligencija, mašinsko učenje 

Received: 16 May 2026/ Received in revised form: 03 June 2026/ Accepted: 15 June 2026 

Available online: August 2026 

 

 

This open-access article is licensed under the Creative Commons Attribution 4.0 International License. 

To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/ or send a letter to 

Creative Commons, PO Box 1866, Mountain View, CA 94042, USA. 

 The Author(s) 0000 

 

 

 

  

  

 

 

O
N

LI
N

E 
FI

R
ST

https://creativecommons.org/licenses/by/4.0/

