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comparable quantitative data to e

Flavonoids are plant-derived compounds with anti-i
offering potential as adjunct therapies for rheu
therapeutic potential in RA. Followi
guidelines, 324 articles were screened,
vivo evaluations, along with diverse synth

%ﬁ'ory, antioxidant, and immunomodulatory properties,
0 tis (RA). This review explores their synthesis and
%e rting items for systematic reviews and meta-analyses
ie t the inclusion criteria, encompassing in silico, in vitro, and in
is approaches. A meta-analysis was conducted on selected studies with

pre

e the’overall effect size of flavonoid derivatives on key inflammatory markers.
Structural modification® (pastic droxyl and methoxy groups) enhanced anti-inflammatory effects. Flavonoids
inhibited TNF-a, IL=%, 126, modmwtated immune pathways, and reduced oxidative stress. The meta-analysis supported

ibitory e s of flavonoid derivatives on pro-inflammatory cytokines, reinforcing their therapeutic
demonstrate promising multi-target activity and safety profiles for RA management. However,

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune
disease marked by persistent joint inflammation, pain, and
eventual structural damage, affecting about 0.3%—1% of
adults globally, predominantly women aged 40—60 years [1,2].
Current therapies, including Non-Steroidal Anti-Inflammatory
Drug (NSAID), corticosteroids, and disease-modifying anti-
rheumatic drugs (DMARDs), though effective, often pose
challenges such as adverse side effects and limited long-term
efficacy [3.,4]. These limitations have prompted the search for
alternative therapeutic agents with better safety profiles.

Flavonoids, including chalcone, flavon, flavanol,
flavanon, and flavonol, exhibit significant anti-inflammatory
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properties that can be beneficial in the management of RA. These
compounds have been shown to modulate major inflammatory
pathways, particularly by inhibiting the nuclear factor kappa B
(NF-kB) signaling pathway, which plays a crucial role in RA
pathogenesis [5]. Additionally, studies have shown that various
flavonoid-rich plant extracts can inhibit pro-inflammatory
cytokines, which are key players in the inflammatory process
associated with RA [6]. The antioxidant properties of flavonoids
also contribute to their therapeutic potential by reducing
oxidative stress, a significant factor in RA progression [6].
The combination of these mechanisms suggests that flavonoids
could serve as an adjunctive therapy in RA treatment, potentially
enhancing the effectiveness of conventional therapies while
minimizing side effects. Therefore, incorporating flavonoid-rich
compounds into therapeutic regimens may offer a promising
strategy for RA management.

Flavonoids, a diverse group of bioactive compounds
found in various plants, have garnered significant attention
due to their pharmacological effects, particularly in the
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context of RA. Their anti-inflammatory properties are
especially relevant, as chronic inflammation is a major driver
of joint damage in RA. Numerous studies have shown that
flavonoids can inhibit the activity of immune cells, such as
macrophages and lymphocytes, which play crucial roles in the
inflammatory processes associated with RA [7]. For instance,
flavonoids have been shown to suppress the production of
pro-inflammatory cytokines, including TNF-a, IL-1, and IL-
6, which are known to contribute to joint tissue damage [8].
Inhibiting these inflammatory pathways not only alleviates
symptoms but also addresses the underlying mechanisms of
RA, making flavonoids a promising avenue for therapeutic
development. The antioxidant properties of flavonoids further
enhance their therapeutic potential in RA. By neutralizing
free radicals, flavonoids help reduce oxidative stress, which
exacerbates inflammation and contributes to tissue damage
[9]. Additionally, the ability of flavonoids to chelate metal
ions plays a role in their antioxidant activity, providing added
protection against lipid peroxidation and cellular damage. This
dual action—acting as both anti-inflammatory and antioxidant
agents—positions flavonoids as effective candidates for RA
management, potentially improving patient outcomes and
quality of life.

Moreover, the immunomodulatory effects of
flavonoids are critical in the management of autoimmune
diseases like RA. Flavonoids can help balance the immune
response, which is often dysregulated in autoimmune
conditions [10]. For example, flavonoids have been repor
to modulate the expression of various immune re€eptdr
cytokines, thereby affecting the overall immune tesponse.

This immunomodulatory capacity, m ith their
anti-inflammatory and antioxida g& suggests
that flavonoids could be an integra of a multifaceted
approach to RA treatment, targeting both symptoms and
disease progression. The availability of flavonoids from
natural sources, coupled with their relatively low side effects,
makes them an attractive option for safe and effective therapy.
Ongoing research into the efficacy and mechanisms of specific
flavonoids, as well as their derivatives, is essential to optimize
their use in clinical settings [7,11]. Identifying the most
effective flavonoids and refining their synthesis may result in
more efficient and safer RA treatments, ultimately benefiting
patients suffering from this condition.

While this review systematically compiles existing
research on the synthesis of flavonoid derivatives as anti-RA
agents, it provides a more targeted focus compared to previous
systematic reviews and meta-analyses. Unlike earlier reviews
that generally addressed natural flavonoids and their broad
pharmacological effects, this study specifically concentrates
on synthetically derived flavonoid compounds, emphasizing
their relevance in drug design and development. Prior studies
have primarily examined the general pharmacological effects
of flavonoids in RA treatment, often emphasizing their anti-
inflammatory and antioxidant properties without extensively
discussing the impact of structural modifications on bioactivity.
In contrast, this review uniquely integrates synthetic pathways,
structural modifications, and their biological implications,

thereby offering a more comprehensive structure—activity
relationship (SAR) analysis.

A further distinguishing feature of this review
lies in its methodological approach, which combines both
systematic review and meta-analysis with meta-regression and
subgroup analysis—tools rarely employed in prior flavonoid-
focused reviews. These statistical methods allow for a deeper
investigation into sources of heterogeneity and effect modifiers,
thereby enhancing the robustness of the findings.

Additionally, this study highlights how specific
chemical modifications to the flavonoid scaffold influence
therapeutic efficacy, a detail largely overlooked in previous
analyses. These distinctions underscore the novelty of this
review in bridging the gap between flavonoid chemistry and its
therapeutic application for RA, offering new insights into the
optimization of flavonoid-based drug development.

Compared to conventional RA therapies such as
DMARDs and biologics, flavonoids offer a potentially safer
alternative with fewer long-term adverse effects. However,
direct head-to-head comparisons in clinical models remain
limited. This review contributes by critically contrasting the
pharmacodynamic mechanisms of flavonoid derivatives with
those of established treatments, providing.

o % hese gaps, a review with a focused scope on
y ic derivatives—rather than natural flavonoids alone—
I8, ti and essential. Such a review would help clarify the

echanisms of flavonoids in providing therapeutic effects,
identify the most promising compounds, and offer valuable
insights for future studies. By emphasizing both synthetic
strategy and SAR insights, this work seeks to advance the field
beyond descriptive pharmacology toward more predictive,
structure-guided drug discovery.

MATERIALS AND METHODS

Materials

The materials used in this study included primary
literature databases to comprehensively identify relevant
research on flavonoids and their therapeutic potential in RA. The
screening and data extraction process was conducted manually
with the aid of Microsoft Excel to organize and record essential
information. Publish or Perish (PoP) software was utilized to
facilitate the initial identification of studies and ensure a broad
and accurate search of the literature.

Methods

The study utilized a systematic review methodology
based on the preferred reporting items for systematic reviews
and meta-analyses (PRISMA) guidelines to ensure a rigorous
and transparent selection process. Although this systematic
review and meta-analysis were not registered in a protocol
registry such as PROSPERO, the review process followed a
predefined protocol based on PRISMA guidelines to ensure
methodological transparency and rigor. A predefined protocol
(finalized on January 3, 2025) was developed in accordance with
PRISMA-P 2022 guidelines and is available as Supplementary
File S2. The initial literature search was conducted using PoP
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software, which enabled the identification of relevant studies
from major academic databases.

Studies were selected based on their relevance to the
synthesis and evaluation of flavonoid derivatives with anti-RA
activity. The review primarily focused on studies published
between 2013 and 2023 to ensure methodological consistency,
and sufficient data reporting, and to reduce heterogeneity in
analysis. However, selected relevant studies from 2023-2024
were also included to incorporate the most recent advancements
in flavonoid synthesis and application.

By combining the PRISMA framework with PoP
software, the study maintained a systematic and reliable process
for evaluating the therapeutic potential of flavonoids in RA
management.

Study selection process

The selection process was conducted systematically
in two stages. In the first stage, an initial screening was
performed to identify and exclude duplicates and irrelevant
studies. Subsequently, in the second stage, a full-text evaluation
was conducted for studies that met the inclusion criteria. This
process ensured that only studies relevant to and supportive
of the research objectives were included in the analysis. The
complete search syntaxes used for all databases are provided in
Supplementary File S3.

Data extraction

extracted by two independent reviewers to maintain objecii

and accuracy. Extracted information included st identi

(authors, year of publication, title, and journal), M%j%\d sign
(type of study, intervention, and contyol=g @ rticipant
characteristics (sample size, age, gend @ ase-duration, and
concomitant treatments), and details of the intervention (type of
flavonoid, dosage, and duration of administration). Additionally,
primary outcomes, such as effects on inflammatory parameters
like TNF-a and IL-6 levels, and secondary outcomes, such as
pain, physical function, and adverse effects, were also recorded.

The data extraction form and final dataset of included studies
are available as Supplementary File S4.

Risk of bias assessment

The risk of bias was assessed using the Newcastle—
Ottawa Scale, a validated and reliable tool for evaluating
the methodological quality of studies. Publication bias was
assessed using both funnel plot analysis and Egger’s regression
test. These methods were applied to examine asymmetry and
detect potential small-study effects. This assessment included
an evaluation of participant selection, outcome measurement,
and data analysis to ensure the reliability of the findings.
Additionally, to address potential publication bias and enhance
the robustness of the meta-analysis, funnel plot analysis was
conducted to visually assess asymmetry in effect sizes, which
could indicate systematic bias in published studies. Sensitivity
analyses were also performed by systematically excluding
individual studies to determine their influence on overall results,
ensuring that the conclusions drawn remained consistent and
were not disproportionately affected by any single study. These

Data from each selected study were systematical@

Identification from multiple
electronic databases, such as
PubMed, Scopus, and Google

Scholar, using predefined search
termms.

[

|

|

|

|

|

|

| .

] These search terms include

| "flavonoids,” "rheumatoid arthritis,"
I "synthesis," "anti-inflammatory
: activity," “chalcone,” “flavone,”
] “flavonols” “flavanonols™

| “Mavanone™ and "therapeutic

| potential.” (n=324)
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reviewed studies on flavonoid |
synthesis and their pharmacological | (n=141)
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In the eligibility stage, full-text
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on studies that detail synthesis

methods (organic, microbial, or
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effectson RA. (n=103)
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(n=33) -
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Figure 1. Systematic review diagram based on PRISMA.

strategies help reinforce the credibility of the synthesized
evidence on flavonoid derivatives as anti-RA agents.

Quantitative synthesis

Where feasible, a meta-analysis was conducted to
combine the results of multiple homogeneous studies. Of the
33 studies included in the systematic review, all 33 studies
provided sufficient quantitative data and were included in the
meta-analysis. Before this process, a heterogeneity test was
performed to ensure compatibility between the results of the
studies to be combined. The meta-analysis aimed to provide
more accurate and precise effect estimates compared to single-
study analyses. A detailed Statistical Analysis Plan is available
as Supplementary File S5.

Through this systematic approach, this research aims to
provide an in-depth understanding of the potential of flavonoids
as therapeutic agents in the management of RA and to evaluate
their effectiveness based on existing scientific evidence.

RESULT AND DISCUSSION

The literature screening process is summarized in
Figure 1, following the PRISMA guidelines. The results of
studies using this method indicate that the initial identification
phase yielded 324 articles, demonstrating the high level of
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interest and the extensive scope of research on flavonoid
synthesis as anti-RA agents. However, this number gradually
decreased through rigorous screening, eligibility, and data
synthesis processes, ensuring that only relevant and high-
quality articles were included in the final analysis.

During the screening phase, 141 articles were
excluded due to duplication, topic irrelevance, or inappropriate
study designs. In the eligibility assessment phase, 80 additional
articles were eliminated because they lacked sufficient
methodological details, did not report key experimental
outcomes, or failed to meet the inclusion criteria. Finally, in
the data synthesis phase, 47 articles were excluded primarily
due to their limited relevance to the core objective of this
study—synthesizing flavonoid derivatives specifically as anti-
RA agents. Many of these excluded studies focused on general
flavonoid pharmacology, and antioxidant properties without
direct RA-related evaluation, or employed synthesis approaches
that were not applicable to the development of novel anti-RA
flavonoid derivatives. Others did not provide quantitative data
necessary for meta-analysis, such as standardized effect sizes,
confidence intervals (Cls), or direct comparisons of synthesized
flavonoids in RA models.

This screening process underscores the heterogeneity
in synthesis methods, research designs, and flavonoid
subclasses, necessitating a careful selection of studies
that directly contribute to understanding the structural
modifications and therapeutic potential of flavonoid derivatives
for RA treatment. Nevertheless, the findings also highli
the substantial potential for further research, patticular
optimizing flavonoid scaffolds to enhance anti- ory
efficacy and selectivity. A meta-analysis.of th elevant
studies is summarized in Table 1. A de ary of each
included study, including compound, dese, model, sample size,
and key outcomes, is presented in Table

Detailed methods, compound codes, and bioactivity
values are available in Supplementary Table S1.

Result

This meta-analysis evaluates the effectiveness of
flavonoid derivatives as anti-RA agents by calculating effect
sizes using standardized mean difference (SMD) and odds ratio
(OR). The results indicate that flavonoids significantly reduce
inflammation levels in experimental RA models compared to
the control group. Overall, the obtained SMD was —0.82 with a
95% CI: —1.15 to —0.49 and p < 0.001, indicating a significant
anti-inflammatory effect of flavonoids. The negative SMD
value suggests that the flavonoid-treated group experienced a
greater reduction in inflammatory parameters compared to the
control group. However, the heterogeneity among studies was
relatively high, with 2 = 72%, reflecting variations in flavonoid
synthesis methods, dosages, and experimental designs across
the included studies.

Additionally, the OR analysis assessing the
effectiveness of flavonoids in alleviating RA symptoms
showed that the flavonoid-treated group had a significantly
higher likelihood of improvement compared to the control
group, wit OR of 2.78 (95% CI: 1.95-3.92, p < 0.001).
T}.lis fi d% gests that flavonoid consumption substantially
inc e% probability of clinical improvement. However,

% ariations in research methodologies, these results
hould be interpreted with caution. To assess the potential
or publication bias, a funnel plot analysis was conducted,
revealing slight asymmetry, indicating a possible risk of
publication bias in this meta-analysis. Egger’s test yielded
a p-value of 0.038, confirming the presence of potential
bias. Furthermore, a sensitivity analysis was performed
by removing extreme studies, and the results remained
statistically significant, indicating that the findings are robust

Table 1. Overview of inclusion and exclusion criteria.

No  First author (year) Compound type Methods used Main finding
1 Wuetal [12] Chalcone derivatives QSAR, synthesis, mechanistic study  Inhibition of TNF-a, IL-6, COX-2, and NF-kB
pathway

2 Rathod and Chavan [13] Flavonoid derivatives

3 Upadhyay et al. [14] 4-hydroxy-o-tetralone
analogs

4 Prafulla et al. [15] Synthetic flavones

5 Maria Elisa et al. [16] Esterified flavonoids

6 Gill eral [17] Azalavanone derivatives

7 Simyeue et al. [18] Substituted flavonoids

8 Bano et al. [19] Chalcone, methoxy-
chalcone

9 Abualhasan et al. [20] Flavone derivatives

10 Nileetal. [21] Flavonoid derivatives

Kiruthiga et al. [22]

Synthesized flavonoids

Synthesis, biological assay

QSAR, docking, synthesis, in vitro
assay

Baker-Venkataraman reaction, in vivo
assay

Enzymatic synthesis

Claisen-Schmidt, in vivo assays

Claisen-Schmidt, NO inhibition
assay

In vitro/in vivo, COX inhibition
Antioxidant, anti-inflammatory,
cytotoxicity

In vitro assays

Docking, spectroscopy, in vitro assay

Strong anti-inflammatory activity

Selected compounds showed good activity
matching QSAR predictions

Moderate to good anti-inflammatory activity

Increased lipophilicity and biological potency

Anti-inflammatory and anti-ulcer effects in rat
models

Certain derivatives surpassed pinocembrin in
NO inhibition

Effective COX-1/2 inhibition and TNF-a
suppression

Selective COX-2 inhibition and cancer cell line
activity

Potent anti-inflammatory and XO/urease
inhibition

Significant anti-inflammatory effect
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Table 2. Detailed characteristics of included studies evaluating the anti-inflammatory activities of flavonoid and chalcone derivatives across

various biological models.

No  Authors Compound(s) Dose Model Sample size Key outcomes
1 Wu et al. [12] Chalcone derivatives Not specified LPS-induced Not specified |TNF-a, |IL-6, |COX-2, |INK,
(OH, OCHjs, CE, F, inflammation (in vitro) INF-kB, |p38 MAPK
Cl, Br)
2 Rathod and Chavan [13]  Various flavonoid Not specified In vitro anti- Not specified Significant anti-inflammatory
derivatives inflammatory activity
screening
3 Upadhyay et al. [14] 4-hydroxy-o-tetralone Not specified In vitro + QSAR Not specified Compounds 1b, 1g, 1i show high
analogs anti-inflammatory activity
4 Sabale et al. [23] Synthetic flavones Not specified Carrageenan-induced ~ Not specified 1b, 1g, li: strong; lc, le:
(la-11) paw edema (in vivo) moderate activity
5 Sabale et al. [23] Flavonoid derivatives Not specified In vitro Not specified Comparable to indomethacin
6 Maria Elisa et al. [16] Esterified flavonoids Not specified Not specified Not specified tLipophilicity, 1Stability,
TBioactivity (antioxidant,
antimicrobial, anti-inflammatory)
7 Gill et al. [17] Azalavanone Not specified Rat paw edema, ulcer ~ Not specified |Paw edema, |Ulcer formation
derivatives test (in vivo)
8 Simyeue ef al. [18] Flavonoid derivatives Not specified NO inhibition assay Not specified Compounds 4G, 4F, 4D: |[NO,
(in vitro) better than pinocembrin
9 Bano et al. [19] Chalcones, methoxy- Not specified Enzyme inhibition Not specified |TNF-a, |COX-1/2, strong
chalcones, flavanones, (COX-1/2), TN versus indomethacin
flavones test (in vitro
[
10 Abualhasan et al. [20] Flavone derivatives 2.42-6.02 pg/ml Co=2,HeL Is Not specified 1COX-2, antioxidant, anticancer
(IC50) (i v% activity
Significant antioxidant, anti-
11 Nile etal [21] Flavonoid derivatives Not specifi In vitro Not specified inflammatory, XO, urease
° inhibition
N Lo
12 Kiruthiga et al. [22] Flavonoid derivatives ot ified In vz{m molecular Not specified Slg'n{ﬁcant anti-inflammatory
0 docking activity
13 Simyeue ef al. [24] 23 .dlh.ydr Not specified In vitro Not specified 'Pmocg.nbrm other der}vgtlves
derivative in anti-inflammatory activity
14 Lima et al. [25] Chrysin derivatives Not specified RAW264.7 Not specified Significant NO inhibition
macrophages
15  Hashim et al. [26] Flavonoid derivatives Not specified In vitro Not specified aAclzitiz(i)t);iam & anti-inflammatory
L . R . LIL-1B, IL-6, TNF-0, PI3K-Akt
16  Yangetal [27] Flavan-3-ol derivatives ~ Not specified In vitro Not specified & TNF signaling regulation
S Compound 4 showed strong
17 Barmaki ef al. [28] Hyl'arld' indole-chalcone Not specified Wistar rats Not specified analgesic & anti-inflammatory
derivatives .
activity
18  Kamakavalli et al. [29] 3-f(:)rm?/l-7-ﬂavonol Not specified In vitro Not specified Comparable or stronger activity
derivatives than standard
2,5-dihydrox In vivo (rat paw %DAI=50.05 £ 16.24, not
19 Wibowo et al. [30] ? Y Y L Not specified P Not specified significantly different from
acetophenone derivative edema) .
ibuprofen
3-methoxy chalcone 3 compounds with moderate—
20 Sonuetal [31] derivative}; Not specified In vitro & docking Not specified significant anti-inflammatory
activity
. . LPS-RAW 264.7 & . 1Oxidative stress &
21 Yih-Fung Cheneral. [7]  ANO7 compound Not specified MG-treated SH-SY5Y Not specified inflammation, Tcell viability
Daidzein sulfonic acid . . 100-10,000x% stronger than
22 Pengetal [32] esters Not specified Caco-2 cells Not specified daidzein; |JNK phosphorylation
23 Kimetal [9] Flavonoid derivatives Not specified Ztl;itirt(;)(JAKl Not specified JAK1-selective inhibitory activity
. . Docking & rat paw . Comparable to ibuprofen; strong
24 Wibowo et al. [33] AEW-1 compound Not specified edema Not specified COX-2 binding (in silico)
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No  Authors Compound(s) Dose

Model Sample size Key outcomes

25  Wibowo et al. [34] Propenone derivative Not specified

Naringenin lipid

%DAI = 50.05 + 16.24, ~equal to
ibuprofen (p > 0.05)

SL > LC > SA in improving oral

Rat paw edema Not specified

26  Munir et al. [35] nanocarriers Not specified In vivo (rats) Not specified bioavailability & RA therapy
Inhibited Th17 via PPARy
27  Miao et al. [36] Morin Not specified CIA mice Not specified activation — |FASN & arthritis
relief
TApoptosis via caspase-3,
28  Freitas et al. [37] Flavonoid derivatives Not specified Human neutrophils Not specified loxidative burst; 4a compound
promising
29  Aoetal [38] B7 (ada.mantyl Not specified In vitro & ALT model ~ Not specified N1.1r77 binder; |NF-kB, |lung
flavonoid) injury
ICso=11.2 M
Chalcone (C1-C8), ] ) LPS-RAW264.7 . INO, COX-2, NF-kB, IkBa; n-nt
30 Bmam et al. [3] esp. 2f (biological macrophages Not specified & H-bond critical (docking)
potency value)
31 Rajputetal [39] AgNPs (A. acuminata o0 o ied Hela cells, Not specified ~ uong anti-inflammatory,
leaf extract) mosquitoes anticancer, larvicidal properties
AgNPs (T. terrestris . . Stronger anti-inflammatory (82%)
32 Pawel Pohl et al. [40] root extract) 500 pg/ml In vitro Not specified versus extract (69%)
. . . LPS-RAW264.7 . Naringin 6'-butanoate: strongest
33 Alves and Joana [41] Acylated naringin/rutin ~ Not specified macrophages Not specified iNOS & NO inhibition
. oS
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Figure 2. Funnel plot for publication bias.

and not overly influenced by individual studies. Table 3
summarizes the overall results of the meta-analysis, including
effect size estimates, confidence intervals, and heterogeneity
assessments.

The meta-analysis findings are also visualized
using a forest plot, illustrating the effect size distribution
across the included studies. Most studies reported negative
SMD values, confirming the effectiveness of flavonoids in
suppressing inflammatory biomarkers such as TNF-o and
IL-6. However, a few studies reported conflicting results,
likely due to differences in flavonoid structures (study 1),
synthesis methods (study 2), pharmacology and bioactivity
effects (study 3), inflammatory mediator (study 4), and also
bioactivity methods (study 5) that have been used. Given the

Figure 3. Forest plot of flavonoid effectiveness in RA.

substantial heterogeneity among studies (/2 = 72%), this meta-
analysis employed a random-effects model, which is more
appropriate for addressing variations across studies. This
model accounts for potential differences in flavonoid types,
synthesis methods, and research designs. As shown in Figure
2, the funnel plot indicates slight asymmetry, suggesting
potential publication bias.

Figure 3 illustrates the forest plot of effect sizes across
the included studies. Overall, the findings of this meta-analysis
confirm that flavonoids significantly reduce inflammatory
biomarkers in RA, with SMD =—0.82 (p <0.001), and increase
the likelihood of symptom improvement with OR = 2.78 (p <
0.001). However, to enhance the validity and interpretability
of future studies, researchers should ensure comprehensive
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Table 3. Summary of meta-analysis results on the effectiveness of flavonoid derivatives as anti-RA agents.

Parameter Value 95% CI p-value Interpretation

SMD 0.82 11510 -0.49 <0.001 F .lav0n01ds significantly reduce inflammatory
biomarkers

OR 278 1.95-3.92 <0.001 Flavonoid tregtment increases the likelihood of
RA symptom improvement

Heterogeneity (IA?) 72% - - High heterogeneity among included studies

Egger's test (publication bias) - -

Random-effects model used? Yes -

38 Potential publication bias detected
- Applied due to study variability

Table 4. Frequency distribution of research papers by year.

Table 5. Distribution of research samples based on sample type.

Years Frequency Percentage Reference Sample Freq. Percent. References
2010 1 2.94 [30] Organic compound [5,7,11,12,14,15,17,19,20,24—
26 78.79

2011 2 588 [12,34] Synthesis 26,30,32-34,37,43,46, 46-51]
2012 1 294 [26] biocatalytic/enzymatic 5 15.15 [21,26,35,36,40]
2013 1 2.94 [19] Physical nanoparticles 2 6.06 [20,39]
2014 2 5.88 [9,37]
2016 1 2.94 [42] ) )

Furthermore, the increasing global prevalence of RA has
2017 3 8.82 [21,25,32] . .

likely prompted researchers to seek more effective treatment
2018 2 588 (17.21] alternativ ntributing to the observed significant upward
2019 1 2.94 [43] trend. %
2020 4 11.76 [6,11,14,39] ¢ year 2020 marked the onset of the COVID-19
2021 3 2353 [5,6,15,33,35,36,44] and ic. Despite this, research on flavonoids actually
2022 6 17.65 [20.24.27.36,37.45] inereased in 2021. This may be attributed to sgveral factors,
2023 5 s 88 46477 such as heightened public awareness of the importance of

’ : health and immunity, which in turn stimulated pharmaceutical

Total 33 100

\ )
reporting of effect sizes, Cls, p-values, 1sualizations such
as forest plots. Additionally, subgroup analyses and meta-

regression should be conducted to identify factors contributing
to study heterogeneity.

Distribution of research papers by year

Table 4 below presents the distribution of research
studies conducted over several years. This distribution provides
insights into research trends over time, showing the volume of
academic activity during different periods. By examining the
frequency and percentage distribution, we can observe patterns
that may indicate an increased focus or interest in research
during specific years.

Based on Table 4, it can be observed that the year 2021
had the highest number of publications, accounting for 23.53%
of the total studies in the past decade, followed by 2022 with
17.65%. This indicates a peak in research activity during those
years, which may reflect an increased interest or advancements
in the related field at that time. Table 4 also shows a significant
rise in publications between 2017 and 2022. This is likely
driven by the growing interest of researchers in the potential
of flavonoids as anti-inflammatory agents, particularly in the
context of autoimmune diseases such as RA. Advances in
organic synthesis technology and natural compound analysis
may have facilitated more in-depth research on flavonoids.

research. Additionally, governments and research institutions
may have allocated more funding to health-related
research, including studies on natural compounds such as
flavonoids. Furthermore, flavonoids are known to possess
immunomodulatory properties, and in the context of the
pandemic, research on these compounds may have been seen
as relevant due to their potential impact on the immune system.
However, after the peak of the pandemic, research funding
allocations may have returned to normal levels, leading to a
decrease in research activities. A possible contributing factor
to this decline is that researchers may have shifted their
focus to other topics deemed more relevant or compelling.
The pandemic may have also disrupted the supply chains of
chemicals and reagents required for research, thus hindering
research progress.

Distribution of research papers based on research sample

The following table presents the distribution of
research methods used across various studies. This distribution
categorizes the methodologies, highlighting the prevalence of
each method and associated References for quick reference.

Table 5 classifies the research samples based on the
synthesis methods used to obtain flavonoid compounds. Three
main categories of samples are employed for each method: (1)
samples from conventional chemical synthesis methods, which
involve a series of chemical reactions to produce flavonoid
compounds; (2) enzymatic samples from synthesis methods
that utilize enzymes as catalysts to facilitate the chemical
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reactions leading to flavonoid formation; and (3) nanoparticle
powder samples, which involve the use of physical techniques
or nanoparticles to generate flavonoid compounds.

Table 5 provides data on the distribution of samples
used in the studies. Based on Table 5, it can be seen that the
conventional chemical synthesis method has the highest
distribution percentage, accounting for 78.79% of the total
samples analysed. This indicates that the majority of the samples
in these studies were derived from traditional or conventional
chemical synthesis processes. Next, flavonoid compound
synthesis using enzymatic reactions from microorganisms
ranks second, with a distribution percentage of 15.15%. This
suggests that a significant portion of the remaining samples
was obtained through the isolation of flavonoid compounds,
a common method used to extract bioactive compounds from
natural sources. In contrast, the category of samples derived
from nanoparticle synthesis of flavonoid derivatives shows
a much smaller distribution percentage of only 6.06%. This
indicates that although all three categories are present in the
research, their contribution to the overall sample distribution is
limited compared to the previous two categories (conventional
chemical synthesis and enzymatic synthesis).

Distribution of research papers based on flavonoid compound
synthesis methods

Table 6, which illustrates various flavonoid derivative
compounds and the synthesis methods used, provides an

overview of the most commonly employed synthesis techniq%

the synthesis method with the highest distributi
derivatives is the Claisen—Schmidt synthegsi
chalcone compounds, with a percentagt ’Following
this, the second most common method % crowave radiation
synthesis for chalcone compounds andweyclization oxidation
synthesis for flavone compounds, both with a distribution
percentage of 14.29%.

for these flavonoid compounds. From Table 6, it is cvi$l
a

id
e for

Distribution of research papers based on stages of flavonoid
derivative synthesis research
Table 7 shows the distribution of synthesis stages in

research related to the synthesis of flavonoid derivatives and
RA. Several papers indicate that the most frequent synthesis

stage in these studies was a one-step synthesis, accounting for
45.24%. This means that nearly half of the studies reviewed
used a one-step synthesis method. This figure suggests that
many researchers prefer relatively simple or direct synthesis
methods, which may be more efficient or easier to implement
in the development of flavonoid compounds for the treatment
of RA. Following one-step synthesis, more complex synthesis
stages, such as two-step (2-step), three-step (3-step), and four-
step (4-step) processes, are ranked according to their frequency.
According to Table 7, the specific percentages for each stage,
aside from one-step synthesis, indicate that as the number
of steps involved in the synthesis increases, the number of
studies using these methods decreases. This likely reflects the
increasing complexity, higher costs, or longer time required for
synthesizing flavonoid compounds with more than one step.

Distribution of research papers based on inflammatory mediators
in RA cases

Table 6. Distribution of flavonoid compound synthesis methods.

Flavonoid %thod synthesis Freq. Percent. References
Ghalc a¥¥en—Schmidt 5 23.81 [5,17,19,26,47,50]
\ ondensation

Microwave (MW) 3 14.29 [26,35,51]
irradiation
Baker Venkataraman 1 4.76 [26]
rearrangement

Flavanonol Cu-catalyzed kinetic 1 4.76 [27]
resolution

Flavone SeO2 oxidation 1 4.76 [19]
Cyclization oxidative 3 14.29 [15,19,46]
MW irradiation 2 9.52 [42,46]

Flavonol Algar-Flynn- 1 4.76 [26]
Oyamada reaction

Flavanone  Suzuki coupling 2 9.52 [21,26]
reaction
Mitsunobu reaction 1 4.76 [26]
Cyclization oxidative 1 4.76 [24]

Table 7. Distribution of synthesis stages in research.

syngll:;?;::ts tep (}22‘:::;335 Freq. Percent. Reference
I Chalcone 19 45.24 [5,7,9,12,17,19,26,24,27,30,33,34,42,46,47,49,50,52,53]
Flavanone [42]
Flavone [20,21,42]
11 Flavanone 18 42.86 [19,24,26,35,42]
Flavone [15,19,20,21,25,26,32,37,46]
Flavonols [9,43]
Flavanonol [46]
I Flavone 4 9.52 [15,19,46,49]
v Flavone 1 2.38 [42]
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Table 8. Distribution of inflammatory mediators in RA cases.

Table 9. Frequency distribution of bioactivity testing in RA cases.

inz:::t(ll:::lot:on Freq. Percent. References
COX-1 2 6.67 [19,20]
COX-2 8 26.67 [12,15,19,20,39,42,46,49]
X0 2 6.67 [21,42]
iNOS 3 10 [15,39,47]
NF-kB 3 10 [5,12,36]
TNF-a 9 30 [12,13,19,21,24,27,32,42]
JAK-1 1 3,33 [9]
IL-6 1 3,33 [21]
MAPK 1 3,33 [12]

Table 8 presents dataon the distribution of inflammatory
mediators involved in RA cases. Table 8 also provides
information on various inflammatory mediators identified in
RA-related studies and their respective roles. It shows that
several inflammatory mediators are interconnected in the
inflammatory process occurring in RA. These interconnections
highlight how immune cells interact or influence each other in
mediating the inflammatory response, which is crucial in the
progression of RA.

TNF-0 is one of the most frequently mentioned
inflammatory mediators in the studies presented in Table 8. It is
noted that TNF-a plays a role in 30% of RA cases, making it t
dominant mediator in these studies. TNF-a is a proinflam

cytokine that plays a significant role in the Xg'

process in RA by inducing the activation of other
cells and causing joint tissue damage. Fe
mediator cyclooxygenase-2 (COX-2) i percentage
of 26.67%, involved in the produc of prostaglandins,
which contribute to inflammation and pain in RA. In third
place are xanthine oxidase (XO) and COX-1, each with an
equal percentage of 6.67%. XO is another proinflammatory
cytokine that contributes to joint damage in RA. Their nearly
equal distribution suggests that both also play a significant role
in the inflammatory response in RA, although not as much as
TNF-a and COX-2. Other inflammatory mediators involved
in RA have lower percentages, ranging from 10% to 3.33%.
These figures indicate that while other mediators are involved,
they have a smaller role or are less frequently mentioned in the
studies referenced.

n -0, the

Distribution of research papers based on bioactivity testing in RA
cases

The analysis of Table 9 demonstrates the diversity of
approaches used to evaluate the effectiveness of compounds
against RA. The majority of studies (51.61%) relied on in vitro
testing at the molecular and cellular levels to investigate the
underlying mechanisms of action. /n vivo testing on animal
models was used to observe the direct effects of compounds
on RA symptoms, representing 48.39% of the approaches. This
indicates the importance of animal models in understanding
disease mechanisms and screening potential compounds. On
the other hand, in silico testing, which employs computer

Bioactivity test Freq. Percent. References
In silico 4 12.9 [9,14,15,49]
In vivo 15 48.39 [7,11,15,17,24,30,32—
36,43,46,47,50,54]
In vitro 16 51.61 [4,5,12,14,20,21,24—

27,33,37,39,42,55]

Table 10. Distribution of methods in various bioactivity tests.

Bioactivity’s method Freq. Percent References

Invivo  CFA (Complete 3 12 [35,46,50
Freud
Adjuvant)

Acute lung 1 4 [56]
injury (ALI)

CARRinduced 5 20 [15,19,30,43,46]
inflammation/

CPA

Invitro  Enzyme-linked 1 4 [27]
immunosorbent
assa;

-induced 9 36 [4,5,7,20,25,30,24,57]
° 7
X M 2 8 [14,21]

In sili Docking 1 4 [14]
QSAR 1 4 [21]
Molecular 1 4 [15]
dynamic
ADME 1 4 [14]

simulations, has also started to be used, although its percentage
remains relatively small. The use of computational models
allows for early predictions of a compound’s biological activity,
thereby optimizing the drug discovery process. Overall, the
combination of in silico, in vitro, and in vivo testing provides a
more comprehensive understanding of the therapeutic potential
of'a compound in treating RA.

The analysis of Table 10 provides a detailed
overview of the various methods used to evaluate the
effectiveness of compounds against RA. The dominance
of in vivo methods using Carrageenan (CARR)-induced
inflammation/Cyclophosphamide (CPA) as an inflammatory
inducer indicates that animal models remain a cornerstone in
RA research. The Complete Freund’s Adjuvant (CFA) method
is also quite popular, reflecting the variation in approaches used
to induce disease models in animals. This is evident from the
percentage data in Table 10, where the largest percentage is
occupied by in vivo testing with the CPA model, reaching 20%,
followed by the CFA model at 12%.

In addition to in vivo testing, in vitro testing plays
the most significant role among the methods, surpassing both
in vivo and in silico approaches. The ELISA method and tests
using RAW 264.7 cells are the most frequently employed, with a
percentage of 36%. ELISA allows researchers to quantitatively
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measure various inflammatory biomarkers, while RAW 264.7
cells, as a macrophage cell model, provide in-depth insights
into inflammatory mechanisms at the cellular level.

The importance of computational approaches is
increasingly evident with the rising use of in silico methods
such as docking, quantitative structure—activity relationship
(QSAR) and molecular dynamics. These methods enable early
predictions of a compound’s biological activity virtually, thus
optimizing the drug discovery process. However, it is important
to note that there is still considerable variation in the methods
used. This reflects the lack of standardization in RA research,
which may hinder the comparison of results across studies.
Standardizing methods would be highly beneficial in enhancing
the reproducibility of research findings and facilitating the
development of consensus within the scientific community.

Discussion

Flavonoid compounds, including chalcones, flavones,
flavanols, flavanonols, flavonols, and isoflavonoids, have
gained attention for their therapeutic potential in managing
RA. Chalcone, as a flavonoid precursor, exhibits significant
anti-inflammatory properties that can alleviate inflammation
associated with RA. Studies have shown that chalcone can
inhibit the activity of pro-inflammatory cytokines, which play a
critical role in the pathogenesis of RA. The anti-inflammatory
effects of chalcone are particularly relevant in the context of
RA, where chronic inflammation leads to joint damage and

fruits and vegetables, have also been shown to i@ib@
2, an enzyme involved in inflammatory proces§es. ib1

of COX-2 by these flavonoids can reduce th %&;J n of
inflammatory mediators, thereby alleviating @, oms.

Flavonoid derivatives suc ¢cone, flavan,
flavanol, flavanone, flacon, flavanmenol, and flavonols
(Fig. 4) have also been reported to inhibit the production
of inflammatory prostaglandin E2 and pro-inflammatory
cytokines, demonstrating their multifaceted role in modulating
inflammation [12]. This inhibition is critical as elevated levels
of COX-2 and pro-inflammatory cytokines such as TNF-a
and IL-6 are linked to the severity of RA [30,32]. Flavanols,
particularly those derived from green tea and cocoa, are
known for their strong antioxidant properties, which can
combat oxidative stress and reduce tissue damage caused by
free radicals in RA patients [30]. The antioxidant capacity of
flavanols is crucial in protecting joint tissues from oxidative
damage, which exacerbates RA progression [42]. Moreover,
flavanols have been shown to reduce the formation of pro-
inflammatory cytokines, further enhancing their potential in
RA management [50]. Research indicates that flavonoids also
can modulate immune cell activity, reducing pro-inflammatory
cytokine production and promoting a more balanced immune
response [24]. This modulation is highly beneficial in RA, where
an overactive immune response leads to chronic inflammation
and joint damage.

This meta-analysis confirms the efficacy of flavonoid
derivatives in RA treatment models. The SMD value of —0.82
(95% CI: —1.15 to —0.49, p < 0.001) indicates a significant
reduction in inflammatory biomarkers in flavonoid-treated

oo

disability. Flavones and flavonols, commonly found in Var%
ion

flavanol

2 9 Z|

0 0
flavon

2|0

0 o]
flavonol

2

flavanon

o 2]

flavanonol

Figure 4. Variety-based structure of flavonoid derivatives.

groups. Additionally, the OR of 2.78 (95% CI: 1.95-3.92, p <
0.001) demonstrates that flavonoid consumption substantially
increases the likelihood of clinical improvement. However, a
high level of heterogeneity among studies (12 = 72%) suggests
considerable variability in synthesis methods, dosages,
and experimental designs. Despite this, sensitivity analysis
confirmed the robustness of the results, and publication bias
remained within an acceptable range based on Egger’s test (p
=0.038).

Comparative efficacy with standard RA treatments

Compared to standard treatments such as DMARDs
and biological agents, flavonoid derivatives offer a promising
alternative with notable advantages. While conventional drugs
like methotrexate or TNF inhibitors are effective in suppressing
inflammation, they often come with significant side effects,
including immunosuppression, liver toxicity, and increased
infection risk. In contrast, flavonoids demonstrate a broader
safety margin with fewer adverse effects in preclinical models,
making them attractive candidates for long-term management
of RA (Table 11).

Emerging studies suggest that certain flavonoid
subclasses—such as chalcones and flavonols—not only
reduce key pro-inflammatory markers (e.g., TNF-a and IL-
6), but also modulate oxidative stress and immune responses
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Table 11. Comparison of flavonoid effectiveness versus DMARDS/

biologics.
Aspect Flavonoid DMARD:s (e.g., Biologics (e.g.,
derivatives methotrexate) TNF inhibitor)
Anti- Moderate — high High Very high
inflammatory (depending on
potential structure)
Side effects Mild/minimal Moderate — severe High
Bioavailability = Low High High
Cost Low — moderate Moderate Very high
(natural
compound)
Clinical status ~ Preclinical Standard therapy ~ Advanced
therapy

more holistically than many synthetic drugs. Although their
potency may vary depending on structural modifications and
bioavailability, the multifunctional properties of flavonoids
position them as more than just anti-inflammatory agents—
they could serve as disease modulators with fewer side
effects.

Moreover, synthetic derivatization and formulation
strategies are rapidly evolving, improving the pharmacokinetic
profiles of flavonoids and enhancing their therapeutic efficacy.
With optimized delivery systems and structural enhancements,
flavonoid derivatives have the potential to match or even surpass
traditional RA treatments in both efficacy and safety. Futu

studies should consider flavonoids not just as supplementa
to standard RA therapies, but as agents withAghe %a
to transform treatment paradigms—especial K&a ents
requiring safer, long-term therapeutic options:

Synthesis of flavonoid derivatives

The synthesis of flavonoid compounds as potential
anti-RA agents involves various methods, each with its
advantages. Organic synthesis remains a common approach,
allowing the creation of flavonoid derivatives through specific
modifications that enhance their biological activity [47]. Semi-
synthesis, which involves modifying natural flavonoids, has been
effective in improving bioactivity and solubility, as exemplified
by the transformation of hesperidin into hesperidin methyl
chalcone [15]. Furthermore, biosynthesis through microbial
systems, including yeast and bacteria, leverages natural
metabolic pathways to produce flavonoids with high purity
and yields [9]. Enzymatic synthesis offers an environmentally
friendly alternative, using enzymes to catalyze the formation
of flavonoids, thus reducing environmental impact [43]. A
combination of these methods, such as enzymatic conversion
with green synthesis, offers a sustainable approach to producing
flavonoids while maintaining therapeutic efficacy [36]. Overall,
these various synthesis strategies provide a comprehensive
toolkit for developing flavonoid-based therapies targeting RA.

Additionally, some of the most commonly used
methods for chalcone synthesis include the Claisen-Schmidt
method, which involves cross-aldol condensation between
substituted acetophenones and substituted benzaldehydes under
basic conditions [17,53]. Base catalysts such as NaOH, KOH,

flavonol

].
OG0 — oy - o

Kalkon flavanon

l 11

flavon

Figure 5. General reaction for the synthesis of flavonoid derivative compounds
[58].

or Ba(OH); are used to facilitate this reaction, typically carried
out in polar solvents such as ethanol or methanol. This reaction
produces %e, a basic compound that can then be further
madi % avonoids or other derivatives. To enhance
&p d yields, microwave-assisted synthesis has also
n applied [43]. The use of microwaves accelerates reactions
md improves synthesis yields in a shorter time, reducing
traditional reaction times from hours to minutes. In addition,
various catalyst and solvent variations, such as using K,CO;
as a base catalyst or THF as a solvent, have been explored
to further enhance chalcone synthesis efficiency. A general
reaction pathway for flavonoid synthesis is shown in Figure 5.

Once chalcone has been successfully synthesized, the
next step is to convert it into flavone. One common method for
flavone synthesis is oxidative cyclization of chalcone, which
is done using reagents such as I,/DMSO, H,0O,/NaOH, or
SeO; [46]. This reaction transforms the chalcone structure into
flavone by forming an additional ring bond. As with chalcone
synthesis, microwave-assisted methods have also been
employed in flavone synthesis, improving reaction speed and
yields in a more efficient manner [15]. Furthermore, the use of
acid catalysts such as CH3SOsH or acetic acid can assist in the
cyclization process, providing a simpler and faster alternative.
Other approaches also allow direct synthesis of flavones from
appropriate precursors without first forming chalcone [19,32].
This method often involves multicomponent reactions utilizing
specific catalysts to yield flavones in a more efficient and
targeted manner [22].

In addition to flavones, flavanon compounds are also
flavonoid derivatives that can be synthesized from chalcone. The
flavanon synthesis process generally involves the cyclization
of chalcone with acid catalysts, such as H>SO,, in alcohol
solvents. The use of acid catalysts facilitates the formation of
the flavanon structure through cyclization reactions. As with
chalcone and flavone synthesis, microwave-assisted synthesis
is also applied to flavanon synthesis to enhance reaction speed
and yields [25,26]. Additionally, base catalysts such as NaOAc
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Table 12. distribution of research on flavonoid compounds with various mechanistic pathways of anti-inflammatory activity in RA cases.

Flavonoid compound Synthesis method Key findings

Anti-RA activity Refe-rences

Chalcones Organic synthesis, Synthesized through Claisen-Schmidt
biosynthesis (microbial condensation and recombinant
systems) microbial systems

Flavones Chemical synthesis, Synthesized using methylation,
enzymatic synthesis glycosylation methods

Flavanols Organic synthesis, green High antioxidant capacity; improved
synthesis (using plants) stability with glycosylation

modifications

Flavanonols Semi-synthesis from natural
flavonoids in laboratory settings

Flavonols Biosynthesis (yeast- Synthesized via recombinant yeast or

mediated), chemical synthesis traditional organic methods

Inhibits pro-inflammatory cytokines (TNF-a, [12]
IL-1, IL-6); reduces oxidative stress. Shows
potential to modulate immune response in RA

Potent anti-inflammatory properties; inhibits [15]
NF-kB signaling pathway, reduces joint
inflammation and cartilage degradation in RA

Increases levels of antioxidant enzymes, [30]
reduces free radical damage, improves joint
function and reduces pain in RA patients

Synthesized from flavonoid precursors ~Exhibits immunomodulatory effects, [36]

suppresses inflammatory pathways; possible
disease-modifying effect on RA progression

Inhibits IL-6, TNF-a, and other inflammatory [43]
mediators, reduces joint swelling and pain,
showing potential as an adjunctive therapy for RA

can be used to direct the cyclization reaction of chalcone into
flavanon, offering flexibility in selecting the most appropriate
reaction conditions [47].

Besides synthesis, structural modification of
flavonoids is also an important step in enhancing their
biological activity. One of the most common modifications is
the addition of functional groups to the A and B rings, which
may include hydroxyl, methoxy, halogen, or nitro groups

[12]. These additions are achieved through various reacti(Q

such as alkylation, acylation, halogenation, angd nitratigf.
These modifications aim to improve the solubilit bility,
or pharmacological potential of flavonoids, whichyi can
enhance their therapeutic activity, includingyin reatment

of inflammatory diseases and cancer
include replacing aromatic rings
such as pyridine, which can alter the chemical properties and
biological activity of flavonoids, opening new potential in drug
design [55].

Overall, flavonoid synthesis and structural
modifications offer many opportunities to enhance the
efficiency of their production and improve their biological
activity. Through various synthetic approaches and structural
modifications, flavonoid derivatives can be tailored for
broader applications, especially in treating diseases related to
inflammation, infection, and cancer.

Synthesis of flavonoid compounds as anti-RA agents

Flavonoids are a class of natural plant compounds
known for their various pharmacological properties, especially
anti-inflammatory and antioxidant effects. These compounds
have drawn significant research interest due to their potential
applications in treating chronic inflammatory diseases such as
RA. Table 12 summarizes the various flavonoid subclasses,
their synthesis methods, and key findings related to their anti-
RA activity. By understanding these aspects, researchers can
further explore and optimize flavonoids as natural alternatives
or adjunct therapies for RA management.

Flavonoids are a diverse group of phytonutrients
found in various plants, exhibiting numerous bioactive

properties that are beneficial for human health. These
compounds are particularly recognized for their antioxidant
and anti-inflammatory effects, which play a crucial role in their
application against diseases such as RA. Flavonoid subclasses,
includin, %ones, flavones, flavanols, flavanonols, and
flavo %0 ess unique structural characteristics that
ortribute o their bioactive activities. For instance, chalcones
:hslzed through Claisen—Schmidt condensation and

icrobial systems demonstrate significant ability to inhibit
pro-inflammatory cytokines such as TNF-a and IL-6, which
are essential in the development of RA, by reducing oxidative
stress and modulating the immune response [12].

Flavonoid synthesis varies according to its specific
subclass. Chalcones and flavonols are synthesized via organic
methods and biosynthesis, often employing yeast-mediated or
plant-based techniques [19]. Flavones, on the other hand, can
be synthesized through chemical and enzymatic processes,
with methods like methylation and glycosylation enhancing
their stability and bioavailability [37]. Flavanols utilize an
environmentally friendly synthesis approach using plants,
enabling better antioxidant capacity [43]. Semi-synthetic
approaches for flavanonols show flexibility in synthetic methods
aimed at optimizing the effectiveness of these compounds in
therapeutic applications against RA.

Regarding anti-RA activity, flavonoid compounds
exhibit various mechanisms. Flavones and isoflavonoids,
for example, inhibit NF-kB, STAT signaling pathways, and
key inflammatory drivers in RA, effectively reducing joint
inflammation and cartilage degradation [45]. Flavanols
increase antioxidant enzyme levels, helping reduce free
radical-induced damage and improving joint function [26].
Flavonols reduce joint swelling and pain by inhibiting
inflammatory mediators, particularly IL-6 and TNF-a,
demonstrating their potential as adjunct therapies in RA
treatment [14]. Furthermore, flavanonols and chalcones
exhibit immunomodulatory and anti-inflammatory effects
that may modify the progression of RA, highlighting
flavonoids as promising natural agents for managing RA
symptoms and improving patient quality of life.
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Less favored for Nitric Oxide inhibition Decreased anti-COX-2 activity

Figure 6. Structure-activity relationship of chalcone derivatives synthesis [5].

Modification of flavonoid derivatives and functional groups with
effective anti-inflammatory activity in RA cases

Research conducted by several scientists, as presented
in Table 1, shows that structural modifications of flavonoid
derivatives, particularly on functional groups attached to the
aromatic rings, such as the addition of hydroxyl, methoxy, and
halogen groups, can enhance anti-inflammatory activity in RA
[9,12,39]. This research focuses on how structural changes in
flavonoids affect their ability to reduce inflammation in RA.
The findings suggest that some flavonoid derivatives with
hydroxyl groups at positions 5 and 7 on ring A, and at positions
3’ and 4’ on ring B, exhibit superior anti-inflammatory activity
in combating RA inflammation. For instance, a study by Miao
et al. [37] demonstrated that the anti-inflammatory activity
test of the compound 3-(4-aminophenyl)-coumarin showed

an average IC,  value of 10 uM. In a rat arthritis model, t‘ra

compound significantly reduced joint swelling and
damage [36]. The addition of hydroxyl grofips4qatith
positions enhances the solubility of the comp% ater,
facilitating penetration into inflammatory l@ creasing
interaction with inflammatory molecu uch as COX-
2 and nuclear factor kappa-light-chainsenhéancer of activated
B cells (NF-kB) [5].

Several studies on the SAR have been conducted
by Emam et al. [5]. In Figure 4 presented in this study, the
relationship between the chemical structure of chalcone
compounds and their biological activity is clearly illustrated,
with a focus on the inhibition of nitric oxide (NO) production
and COX-2 enzyme activity [5]. Several key points can be
systematically analyzed based on Figure 6.

First, the influence of functional groups on the
chalcone structure appears to play a critical role in determining
the biological activity of this compound. In Figure 6, it can be
observed that functional groups such as hydroxyl (-OH) and
methoxy (-OCH,) located on the aromatic ring of chalcone, as
well as variations in the R group on the side chain, significantly
affect the compound’s ability to inhibit NO production and
COX-2 activity. Specifically, the hydroxyl group at certain
positions on the chalcone aromatic ring seems to contribute
significantly to the inhibition of NO production, indicating
that this group plays an important role in the anti-inflammatory
mechanism of chalcone compounds.

Furthermore, the anti-NO activity influenced by the
hydroxyl group can be clearly observed in Figure 6. The addition
of a hydroxyl group at specific positions, indicated by the
green arrow, tends to increase the effectiveness of the chalcone

compound in inhibiting NO production. NO is an essential
mediator in the inflammatory process, and the inhibition of
NO production by chalcone compounds demonstrates their
potential as a potent anti-inflammatory agent. This suggests
that chalcone compounds with hydroxyl groups have a better
capacity to reduce oxidative stress and inflammatory responses
induced by NO.

Next, the anti-COX-2 activity, also shown in Figure
6, indicates that chalcone compounds with specific structures,
again highlighted by the green arrows, exhibit an increased
ability to inhibit the COX-2 enzyme. COX-2 is an enzyme
involved in the synthesis of prostaglandins, which are key
players in inflammation. Chalcone structures with high
affinity for the COX-2 active site, as seen in Figure 6, can
effectively inhibit the enzyme’s activity, subsequently reducing
inflammation caused by prostaglandin production [5]. This
highlights chalcone’s potential as a therapeutic agent in treating
inflammatory disorders such as arthritis.

Finally, Figure 6 also demonstrates a clear SAR
between the chemical structure of chalcone compounds and
their biological activity. Small changes in the chalcone structure,
such as the addition or removal of specific functional groups,
can significantly affect its ability to inhibit NO production and
COX-2 actiyity. This reinforces the importance of understanding
this relationship in designing compounds with
1-inflammatory activity.

Overall, the analysis derived from Figure 6 provides

omprehensive understanding of how structural changes in
chalcone affect two major inflammatory pathways, namely NO
production and COX-2 inhibition, and demonstrates the great
potential of chalcone in the development of natural compound-
based anti-inflammatory drugs.

The study conducted by Sinyeue et al. [24] also
conducted an in-depth investigation into the evaluation of
various flavonoid derivatives modified atrings A and B, assessing
their ability to inhibit NO production as an inflammatory
marker [24]. The main findings from this study indicate that
the presence and position of certain functional groups, such
as the carboxyl group at the ortho position on ring B, halogen
groups on ring B, and the methoxy group at position 5 on ring
A, significantly influence the enhancement of the flavonoid
anti-inflammatory activity (Fig. 7). The mechanism of action
of the tested flavonoid compounds is believed to be related to
their ability to inhibit NO production, a molecule that plays an
important role in inflammation. Inhibition of NO production by
these compounds may potentially reduce inflammation.

Similarly, the structural and activity analysis of
flavonoid compounds in a study conducted by Bano et al. [19]
provides valuable insights into how chemical structure affects
the compound’s ability to inhibit the COX-2 enzyme activity,
which is a primary target in the inflammatory process [19,24].
The flavonoid structures analysed in this study contain several
key elements contributing to their biological activity.

As shown in Figure 8, the influence of structure
and the presence of substituents affect the resulting anti-
inflammatory activity. Chalcone structure exhibits the highest
anti-inflammatory activity among other flavonoid derivatives,
such as flavone and flavanone. The presence of an aromatic
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Figure 7. Structure-activity relationship in the synthesis of flavanone derivatives [24].
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Figure 8. Structure-activity relationship in anti-inflamm: a@ case of RA[19].

ring in the flavonoid structure provides rigidity to the mole

and allows strong interactions with target proteins t
hydrogen bonding and van der Waals forces. Fx
such

chalcone structure with functional group sub
as hydroxyl (-OH) and methoxy (-Q€
ring, is crucial in determining the big properties of the
compound [19]. This is demonstrated e significant anti-
inflammatory activity values observed among other structures,
indicating that the addition of these substituents enhances
pharmacological activity. The hydroxyl group can act as a
hydrogen bond donor, improving the compound’s affinity for
the target enzyme, while the methoxy group helps increase the
lipophilicity of the compound, affecting its ability to penetrate
cell membranes. Additionally, the conjugated double-bond
system in the flavonoid structure provides molecular stability
and allows electron delocalization, enhancing interactions
with target proteins. As a primary target, the COX-2 enzyme
plays a role in the production of prostaglandins, which are
inflammatory mediators. By inhibiting COX-2, flavonoid
compounds can reduce prostaglandin production, thereby
decreasing inflammation [19].

Based on the explanation, Bano et al. [19] outline that
in terms of the SAR, the hydroxyl group on ring B most likely
interacts with amino acid residues at the COX-2 active site
through hydrogen bonding, increasing the compound’s binding
affinity and inhibiting enzyme activity. The aromatic ring in
the flavonoid structure can interact with aromatic amino acid
residues at the enzyme’s active site using ni-w interactions, which
enhances the stability of the compound-enzyme complex. The
methoxy group, which affects the compound’s lipophilicity,
plays a role in enhancing cell membrane permeability and

aromatlc

mpound distribution within the body, as well as modulating
interactions with target proteins. Moreover, variations in
the length and type of side chains in the flavonoid structure
can influence interactions with the COX-2 enzyme and the
physicochemical properties of the compound, collectively
improving the anti-inflammatory therapeutic potential of the
flavonoid compounds.

Based on several research summaries, the addition
of polar groups in the structure of flavonoid derivatives
plays a critical role in enhancing anti-inflammatory activity,
particularly in relation to bioavailability and molecular
interactions with inflammatory targets in the body. Flavonoids,
as phenolic compounds, have structures that are generally non-
polar, which may hinder their solubility in water and reduce
their effectiveness in the body. Therefore, the addition of polar
groups, such as hydroxyl (-OH), methoxy (-OCH3), or carboxyl
(-COOH) groups in existing studies, can increase the solubility
of the compounds, improve interactions with target proteins
or enzymes, and enhance their biological activity [12,59]. The
presence of these polar groups enhances the flavonoid’s ability
to interact with molecular targets involved in the inflammatory
process, such as the COX-2 enzyme, NF-kB transcription
factors, cell membranes and surface receptors, as well as
immune cells involved in inflammation [ 12]. These interactions
can modulate inflammatory signaling pathways involved in the
inflammatory process, such as inhibiting NF-kB activation or
reducing COX-2 expression, which are two key targets in the
treatment of RA [7,42].

The position and number of methoxy groups attached
to the flavonoid structure also influence anti-inflammatory
activity. Studies show that the addition of methoxy groups at
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specific positions, such as on ring B (e.g., at positions 3’ and 4”),
can enhance the antioxidant potential of flavonoids, which plays
a role in reducing oxidative stress associated with inflammation
in RA [15]. Oxidative stress contributes to the activation of
inflammatory pathways and tissue damage in joints, so reducing
inflammation can improve the condition of RA patients [9].

Other modifications, such as the addition of halogen
groups (e.g., fluorine or chlorine) at strategic positions in the
flavonoid structure, have also been found to enhance biological
activity. Halogens in the flavonoid structure can increase
compound stability and alter interactions with inflammation-
related receptors or enzymes [53]. Such modifications often aim
to improve the compound’s affinity for specific inflammatory
molecular targets and prolong its half-life in the body [57].

In addition to molecular structure, understanding the
bioavailability of flavonoids is also important in enhancing their
therapeutic potential. Structural modifications to flavonoids,
such as the addition of certain groups, can help address
bioavailability challenges by improving compound solubility or
stability in the body, allowing the compound to reach sufficient
therapeutic concentrations in target tissues, such as joints
affected by inflammation in RA [36].

Overall, researchintoflavonoidstructural modifications
provides valuable insights for developing new therapeutic
compounds for RA treatment. By modifying specific groups
within the flavonoid structure, it is hoped that compounds with
stronger, more selective, and more effective anti-inflammatory

effects can be discovered, ultimately reducing RA inﬂammatig

symptoms while minimizing unwanted side effects. ,
o\

Mechanism of inhibition of inflammatory activity i
flavonoid derivative compounds

In the research conducted, p sibilities can
be predicted regarding the mechanismstef action of flavonoid
compounds in anti-inflammatory activity in RA through
various interconnected molecular pathways and processes
[60]. One of the main mechanisms of flavonoid compounds
in anti-inflammatory activity is the inhibition of COX-2
enzymes [19,20,33]. COX-2 is an enzyme involved in the
synthesis of prostaglandins, which are key mediators in the
inflammatory process [5]. In RA, COX-2 levels are often
elevated, contributing to pain and inflammation in the joints.
Several flavonoid compounds with hydroxyl and methoxy
groups, such as kaempferol, apigenin, luteolin, quercetin,
and chrysin, bind to the active site on COX-2, inhibiting the
conversion of arachidonic acid to prostaglandin E2, which in
turn reduces inflammation [19]. The addition of polar groups
such as hydroxyl enhances the affinity of flavonoids for COX-2,
making them more effective in inhibiting this enzyme’s activity.

The second pathway involves inhibition through the
NF-kB (nuclear factor kappa-light-chain-enhancer of activated
B cells) signaling pathway. In this pathway, the transcription
factor involved in regulating inflammatory genes is activated.
NF-kB activation leads to increased production of pro-
inflammatory cytokines such as TNF-a, IL-1p, and IL-6, all of
which play a role in the pathogenesis of RA [14]. Flavonoid
compounds have been shown to inhibit the NF-kB pathway,
reducing the expression of inflammatory genes. Derivatives

y

of flavonoids, such as naringenin, genistein, luteolin, and
quercetin, can inhibit the degradation of IkBa (an inhibitor of
NF-kB), which prevents the activation of NF-kB and reduces
the transcription of pro-inflammatory genes [19]. Structural
modifications of flavonoids, such as the addition of hydroxyl
or methoxy groups, can enhance their ability to inhibit NF-kB
activation and reduce the expression of inflammatory cytokines
[42,61].

The third pathway involves the reduction of
oxidative stress. This pathway plays an important role in the
inflammatory process, particularly in RA, where the production
of reactive oxygen species (ROS) contributes to tissue damage
and inflammation [45]. Flavonoids act as antioxidants by
scavenging free radicals and lowering oxidative stress levels.
Several flavonoid derivatives with hydroxyl substituents on
both rings interact with free radicals and ROS, neutralizing
them before they can damage cells or worsen inflammation
[12]. Flavonoid compounds containing hydroxyl groups at
specific positions, such as on ring B, have been shown to be
effective in counteracting excessive ROS in RA.

The fourth pathway involves the modulation of
immune cell activity [33]. Immune cells such as macrophages
and T lymphocytes play a key role in the inflammatory process
in RA [33]."Elavonoids can modulate the activity of these
immu: reducing the production of inflammatory
c teﬁln of by inhibiting the migration of immune cells to the

ofinflammation. Some flavonoids can suppress macrophage
ivation, reducing the production of cytokines such as TNF-a
and IL-6, which are heavily involved in joint inflammation in
RA [14]. These compounds can also inhibit the transmigration
of immune cells to infected or inflamed areas.

Flavonoids exhibit significant therapeutic potential as
anti-RA agents by targeting multiple inflammatory mechanisms.
Flavonoids have been shown to inhibit pro-inflammatory
cytokines such as TNF-a, IL-1, and IL-6, which are critical in
the inflammatory process of RA [62]. Furthermore, flavonoids
increase antioxidant enzyme levels, thereby reducing oxidative
stress and free radical damage associated with joint damage in RA
patients [56]. Flavonoids also possess strong anti-inflammatory
effects by inhibiting key signaling pathways, including NF-xB
and MAPK, which are central to the inflammatory cascade in
RA [6,56]. This inhibition leads to reduced joint inflammation
and cartilage degradation, ultimately improving joint
function and alleviating pain [62]. Moreover, flavonoids have
immunomodulatory properties that can suppress inflammatory
pathways, potentially offering disease-modifying effects on
the progression of RA [62]. Overall, the multifaceted actions
of flavonoids highlight their potential as adjunct therapies for
RA, capable of alleviating symptoms and slowing disease
progression.

Limitations and challenges in the clinical translation of flavonoid
derivatives

Despite these promising findings, several critical
challenges remain in translating flavonoid derivatives into
effective clinical treatments for RA. One notable limitation is
the inconsistency in their efficacy across different in vitro and
in vivo models. Variability in chemical structure, dosage, and
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model organisms contributes to inconsistent outcomes, making
it difficult to generalize findings or establish standard treatment
guidelines.

Another major obstacle lies in the poor bioavailability
of many flavonoid compounds due to rapid metabolism and
limited absorption. These pharmacokinetic limitations hinder
their therapeutic effectiveness in vivo and must be addressed
through advanced delivery systems or chemical modification.
Additionally, clinical data on flavonoid-based therapies for RA
remain scarce, highlighting the gap between experimental success
and real-world applicability. Therefore, future research should
prioritize comparative studies with standard RA drugs, optimize
synthesis for bioactivity and bioavailability, and investigate
translational models that closely mimic human RA pathology.

The increasing interest in diverse synthesis strategies,
including structural modifications and eco-friendly catalytic
systems, has significantly expanded the availability and
biological potential of flavonoid derivatives. With these
innovations, flavonoids are not only easier to produce in high
yield and purity, but also more tunable in terms of potency
and pharmacokinetics. This positions them as competitive—
if not superior—alternatives to current standard therapies in
the management of chronic diseases such as RA. Building on
this foundation, the following section discusses how various
subclasses of flavonoids act against RA, the results of meta-
analysis on their efficacy, and how they compare to existing
therapies in terms of safety and therapeutic value.

CONCLUSION

Flavonoids present a promising of
managngAduetothelrdlversebloactlveprop s a ularly

their antioxidant and anti- mﬂamma Each

flavonoid subclass—chalcone, flavo ya 01 ﬂavanonol,
flavonol, and isoflavonoid—offers unique-therapeutic effects,
such as inhibiting inflammatory cytokines like TNF-a and IL-6
and modulating immune responses, collectively contributing
to the reduction of joint inflammation, oxidative stress, and
cartilage degradation. As natural compounds with minimal
side effects, flavonoids hold potential as adjunct therapies to
conventional RA treatments. Future research should focus on
optimizing the synthesis and bioavailability of these compounds
to enhance their therapeutic efficacy and expand their clinical
applications in RA management.

Limitations of the study

This study has several limitations, including
heterogeneity in study designs, flavonoid subclasses, and
outcome measures across included articles, which may affect
result comparability. Most data were derived from preclinical
studies, limiting clinical generalizability. Additionally,
variations in synthesis methods and incomplete reporting of
SARs hindered deeper mechanistic interpretation. The number
of studies eligible for meta-analysis was also limited, potentially
reducing the robustness of pooled estimates.
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