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To Editor,

Inflammation is a fundamental biological response essential for protecting the body against pathogens and tissue
injury. However, when dysregulated, it contributes to the development of chronic inflammatory diseases, such
as rheumatoid arthritis, inflammatory bowel disease, and psoriasis, substantially impairing quality of life and
increasing the global healthcare burden.! Amidst the multiplicity of molecular agents involved in inflammation,
activated B-cell nuclear factor kappa-light-chain enhancer (NF-xB) emerges as a key transcription factor that
orchestrates the expression of numerous genes involved in inflammatory processes.?

Despite its critical role, NF-xB remains an underexplored therapeutic target, partly due to the complexity of its
signaling pathways and concerns about potential side effects.® Since the early 20th century, anti-inflammatory
pharmacology has focused predominantly on inhibiting cyclooxygenase enzymes (COX-1 and COX-2), a
strategy that, while effective, is inherently limited by adverse gastrointestinal and cardiovascular effects.*®

In contrast, NF-kB, despite regulating key inflammatory genes, including COX-2, remains a therapeutic target
of remarkable potential that is still insufficiently explored in clinical pharmacology.?®

This letter argues that the slow translation of NF-xB biology into drug development represents a significant gap
in pharmaceutical innovation. The development of nonsteroidal anti-inflammatory drugs (NSAIDs) has been a
mainstay of modern medicine for over a century, with their efficacy largely attributed to the inhibition of
cyclooxygenase enzymes (COX-1 and COX-2) and, consequently, to the reduction of prostaglandin synthesis.”®
This approach has revolutionized the management of pain and inflammation, but it is not without limitations.
Chronic use of NSAIDs is associated with a significant burden of adverse effects, notably gastrointestinal (such
as ulcers and bleeding) and cardiovascular (increased risk of thrombotic events), which restrict their long-term
applicability and safety.®

Therefore, the search for safer and more effective anti-inflammatory drugs remains an undeniable priority in
pharmaceutical research.® In parallel, nuclear factor kappa B (NF-xB) has emerged as a master regulator of the
inflammatory response, orchestrating the expression of hundreds of pro-inflammatory genes, including

cytokines, chemokines, adhesion molecules, and even COX-2 itself.2®
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Dysregulated NF-«xB activation is a common denominator in several chronic inflammatory diseases, such as
rheumatoid arthritis, inflammatory bowel disease, and certain types of cancer.1®!! Despite its central role in the
pathogenesis of inflammation, NF-kB has proven difficult to translate into safe and effective clinical therapies
due to pathway ubiquity and on-target toxicities. The scientific literature widely recognizes the importance of
NF-xB,*? but translating this knowledge into the development of a new class of anti-inflammatory drugs that act
directly on its pathway has been remarkably slow, representing a significant gap in pharmaceutical innovation.
This letter aims to highlight the unexplored potential of NF-xB as a therapeutic target for the development of
next-generation anti-inflammatory drugs. We argue that a paradigm shift is needed, moving away from
exclusive reliance on COX inhibition to embrace more comprehensive and targeted approaches that modulate
the NF-xB pathway. We will explore the rationale for targeting NF-kB, the challenges inherent in its
development as a pharmacological target, and the opportunities that arise from understanding its molecular
complexity.

Inhibition of COX enzymes acts in the final phase of the inflammatory cascade, blocking the production of
prostaglandins. Although effective for acute symptoms, this approach does not address the myriad of
inflammatory mediators that are activated upstream.* NF-kB, on the other hand, is a transcription factor that
controls the gene expression of a wide range of proteins involved in inflammation. NF-xB inhibition, therefore,
has the potential to provide broader upstream control of the inflammatory response, suppressing not only
prostaglandins, but also pro-inflammatory cytokines (such as TNF-a, IL-1p, IL-6), chemokines (such as MCP-1,
IL-8) and adhesion molecules (such as ICAM-1, VCAM-1) that perpetuate chronic inflammation and tissue
damage in various pathologies.%!

It is interesting to note that many classic NSAIDs, including acetylsalicylic acid (aspirin), have been shown to
modulate NF-«xB activity as a secondary effect, but were not designed to optimize this action.'* This suggests
that some of the efficacy of NSAIDs may be inadvertently attributed to their ability to influence the NF-xB
pathway. However, pharmaceutical research still seems to be stuck in the COX paradigm, as evidenced by the
persistence in the development of selective COX-2 inhibitors (coxibs). Experience with coxibs, which were
developed to reduce gastrointestinal effects, has revealed an increase in unfavorable cardiovascular outcomes,
demonstrating that simple selectivity for COX-2 has not solved the safety problem and, in some cases, has
created new challenges.'®

This reinforces the need to explore completely new targets and distinct mechanisms of action. The main barrier
to the development of NF-xB inhibitors has been the challenge of achieving specificity while maintaining an
acceptable safety profile. NF-xB is a ubiquitous signaling pathway, fundamental to innate immunity, cell
survival, and proliferation, these fears have been legitimate concerns.®

However, this view may be overly simplistic and ignores the inherent complexity of the NF-xB pathway itself.
NF-xB is not a single entity, but rather a family of five proteins (Rel A/p65, RelB, c-Rel, NF-xB1/p50, and NF-
kB2/p52) that form different dimers, activated by canonical and non-canonical pathways.'® This complexity
offers multiple opportunities for more subtle and selective modulation, rather than global inhibition. Basic
research has already identified several promising intervention points, such as the inhibition of the IKK complex
(IxB kinase), which is crucial for the canonical activation of NF-«B, or the prevention of the degradation of the

IxBo inhibitor, which keeps NF-kB inactive in the cytoplasm.*’
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Thus, we have argued that selective modulation of the canonical IKK-IkBo—RelA axis, while preserving host
defense genes, represents a more translationally viable strategy than global inhibition of the NF-xB pathway in
applications in the field of inflammatory diseases.

In addition, modulation of specific isoforms or interference with specific protein-protein interactions within the
pathway may allow the development of agents that selectively target the pathogenic aspects of NF-xB
activation, minimizing unwanted side effects.'®

The reluctance to invest heavily in the clinical translation of NF-«xB inhibitors represents a missed opportunity.
For example, preclinical studies have shown that selective NF-xB inhibitors can suppress the production of
inflammatory cytokines without completely compromising immune competence, indicating the potential for
more refined therapeutic approaches that balance efficacy and safety.*®

The literature is full of natural and synthetic compounds that demonstrate potent anti-NF-xB activity in
preclinical models, but few of these compounds advance to human trials.?’ This scenario, although challenging,
has shown signs of change in recent years, with a growing recognition of the potential of NF-xB and the
development of new strategies for its selective modulation.'? The era of "brute force” COX inhibition needs to
give way to a smarter, more targeted approach.

The future of anti-inflammatory therapy does not lie in refining an already saturated mechanism of action, but in
boldly exploring new horizons. Rather than representing a single pharmacological target, NF-xB constitutes a
complex network of regulatory nodes that may be amenable to precision-based therapeutic modulation.

The scientific community and the pharmaceutical industry must redirect their efforts to fill this gap, developing
the next generation of anti-inflammatories that can finally offer high efficacy with a safety profile superior to
that of traditional NSAIDs.8

NF-xB inhibition represents a promising frontier in the development of anti-inflammatory therapies. Although
challenges related to specificity and safety are real, a deeper understanding of the complexity of the NF-xB
pathway paves the way for more selective and effective modulation strategies.?*

It is imperative that pharmaceutical research and industry invest in the clinical translation of NF-xB inhibitors,
moving away from over-reliance on already established mechanisms of action. By doing so, we can unlock the
full therapeutic potential of NF-xB and offer patients anti-inflammatory drugs that not only alleviate symptoms
but also address the underlying causes of chronic inflammation with a significantly improved safety profile.
Thus, the exploration of NF-xB as a therapeutic target deserves urgent attention and investment, marking a new

frontier in inflammation research, poised to revolutionize the development of anti-inflammatory therapies.

References

1. Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, et al. Chronic inflammation in the
etiology of disease across the life span. Nat Med. 2019;25(12):1822-1832. doi:10.1038/s41591-019-0675-0

2. Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol.
2009;1(6):a001651. doi:10.1101/cshperspect.a001651

3. Gilmore TD, Herscovitch M. Inhibitors of NF-kappaB signaling: 785 and counting. Oncogene.
2006;25(51):6887-6899. doi:10.1038/sj.0nc.1209982

4. Montinari MR, Minelli S, De Caterina R. The first 3500 years of aspirin history from its roots - A concise
summary. Vascul Pharmacol. 2019;113:1-8. doi:10.1016/j.vph.2018.10.008



Advanced Accepted Manuscript (unedited)
Pharmaceutical

Bulletin The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form.

5. Harirforoosh S, Asghar W, Jamali F. Adverse effects of nonsteroidal antiinflammatory drugs: an update of
gastrointestinal, cardiovascular and renal complications. J Pharm Pharm Sci. 2013;16(5):821-847.
doi:10.18433/j3vw2f

6. Guo Q, Jin Y, Chen X, Xiaomin, Liu, Meng, et al. NF-«xB in biology and targeted therapy: new insights and
translational implications. Signal Transduct Target Ther. 2024;9(1):53. doi:10.1038/s41392-024-01757-9

7. Vane JR. Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like drugs. Nat New Biol.
1971;231(25):232-235. doi:10.1038/newhio231232a0

8. Sostres C, Gargallo CJ, Lanas A. Nonsteroidal anti-inflammatory drugs and upper and lower gastrointestinal
mucosal damage. Arthritis Res Ther. 2013;15(Suppl 3):S3. doi:10.1186/ar4175

9. Bindu S, Mazumder S, Bandyopadhyay U. Non-steroidal anti-inflammatory drugs (NSAIDs) and organ
damage: A current perspective. Biochem Pharmacol. 2020;180:114147. doi:10.1016/j.bcp.2020.114147

10. DiDonato JA, Mercurio F, Karin M. NF-xB and the link between inflammation and cancer. Immunol Rev.
2012;246(1):379-400. doi:10.1111/j.1600-065X.2012.01099.x

11. Tak PP, Firestein GS. NF-«B: a key role in inflammatory diseases. J Clin Invest. 2001;107(1):7-11.
doi:10.1172/JCI111830

12. Zhang Q, Lenardo MJ, Baltimore D. 30 Years of NF-xB: A Blossoming of Relevance to Human
Pathobiology. Cell. 2017;168(1-2):37-57. doi:10.1016/j.cell.2016.12.012

13. Ricciotti E, FitzGerald GA. Prostaglandins and inflammation. Arterioscler Thromb Vasc Biol.
2011;31(5):986-1000. doi:10.1161/ATVBAHA.110.207449

14. Yin MJ, Yamamoto Y, Gaynor RB. The anti-inflammatory agents aspirin and salicylate inhibit the activity
of I(kappa)B kinase-beta. Nature. 1998;396(6706):77-80. doi:10.1038/23948

15. Solomon DH, Schneeweiss S, Glynn RJ, Levin R, Avorn J. Relationship between selective cyclooxygenase-
2 inhibitors and acute myocardial infarction in older adults. Circulation. 2004;109(17):2068-2073.
doi:10.1161/01.CIR.0000127578.21885.3E

16. Hoesel B, Schmid JA. The complexity of NF-kB signaling in inflammation and cancer. Mol Cancer.
2013;12:86. doi:10.1186/1476-4598-12-86

17. Morgan MJ, Liu ZG. Crosstalk of reactive oxygen species and NF-kxB signaling. Cell Res. 2011;21(1):103-
115. doi:10.1038/cr.2010.178

18. Prescott JA, Cook SJ. Targeting IKKp in cancer: challenges and opportunities for the therapeutic utilisation
of IKKB inhibitors. Cells. 2018;7(9):115. doi:10.3390/cells7090115

19. Gupta SC, Sundaram C, Reuter S, Aggarwal BB. Inhibiting NF-«xB activation by small molecules as a
therapeutic strategy. Biochim Biophys Acta. 2010;1799(10-12):775-787. doi:10.1016/j.bbagrm.2010.05.004
20. Yamamoto Y, Gaynor RB. Therapeutic potential of inhibition of the NF-xB pathway in the treatment of
inflammation and cancer. J Clin Invest. 2001;107(2):135-142. doi:10.1172/JC111914

21. Herrington FD, Carmody RJ, Goodyear CS. Modulation of NF-kB Signaling as a Therapeutic Target in
Autoimmunity. J Biomol Screen. 2016;21(3):223-242. d0i:10.1177/1087057115617456



