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ABSTRACT

Chronic inflammation is the underlying cause of numerous diseases, including arthritis, cardiovascular disorders, and
autoimmune conditions. Traditional drug discovery for anti-inflammatory agents is a costly and time-consuming
process. Artificial Intelligence (Al) and Machine Learning (ML) have emerged as transformative tools, accelerating
the identification of novel targets and the optimization of lead compounds. This review explores various Al
methodologies—such as Deep Learning (DL), Generative Adversarial Networks (GANS), and Graph Neural Networks
(GNNs)—in the context of anti-inflammatory drug design. We discuss real-world applications, challenges in data

quality, and the future of Al-driven therapeutics.
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INTRODUCTION

Inflammation is a biological response to harmful
stimuli, but its dysregulation leads to chronic diseases.
The pharmaceutical industry faces the "Eroom’s Law"
challenge, where the cost of developing new drugs
increases while R&D efficiency decreases. Al offers
a solution by processing vast datasets to predict drug-
target interactions with high precision. Inflammation
is a fundamental biological process designed to
protect the organism from infection and injury. It
involves a complex cascade of signaling pathways,
including the activation of various immune cells and
the release of pro-inflammatory mediators such as
cytokines, prostaglandins, and chemokines. However,
when this response becomes chronic or dysregulated,
it transitions from a protective mechanism to a
pathological state. Chronic inflammation is now
recognized as a primary driver for several debilitating
conditions, including Rheumatoid Arthritis (RA),
Inflammatory Bowel Disease (IBD), Asthma, and
even systemic conditions like Type 2 Diabetes and
Alzheimer’s Disease. Despite the critical need for
effective therapies, the traditional landscape of anti-
inflammatory drug discovery is fraught with
challenges. The conventional process is often

described as a "pipeline of attrition," where thousands
of compounds are screened, but very few survive the
journey from laboratory testing to clinical approval.
Statistically, it takes approximately 10 to 12 years and
an investment of over $2.5 billion to bring a single
drug to market. This inefficiency is largely due to the
high failure rate in Phase Il and Phase Il clinical
trials, often caused by lack of efficacy or unforeseen
toxicity. Enter Artificial Intelligence (Al). The
integration of Al and its subset, Machine Learning
(ML), represents a paradigm shift in how we approach
medicinal chemistry. Unlike traditional high-
throughput screening (HTS) which relies on "brute
force" laboratory testing, Al utilizes computational
power to analyze high-dimensional biological data.
By leveraging algorithms such as Random Forests,
Support  Vector Machines, and Deep Neural
Networks, researchers can now predict the biological
activity of molecules before they are ever synthesized
in a lab. In the context of anti-inflammatory research,
Al is particularly valuable because inflammatory
pathways are incredibly complex and interconnected.
Traditional methods struggle to model these "network
effects,” but Al excels at identifying patterns within
large datasets—ranging from genomic sequences to
3D protein structures. Tools like AlphaFold have
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drastically reduced the time required to understand the
structure of inflammatory targets (like kinases or G-
protein coupled receptors), while Generative Models
are now being used to design "De Novo" molecules
that are specifically tailored to fit into a target's
binding pocket with high affinity and low side effects.
This review aims to provide a comprehensive
overview of how Al-driven technologies are currently
being applied to accelerate the discovery of the next
generation of anti-inflammatory drugs. We will
examine the transition from "computer-aided" design
to "Al-driven” discovery, highlighting the impact on
speed, cost, and the overall success rate of
pharmaceutical R&D.

Anti-inflammatory Drug Information

Anti-inflammatory drugs are a class of medications
designed to reduce swelling, pain, and fever by
inhibiting the biological mediators of inflammation.
In the context of drug discovery, they are categorized
primarily into two groups:
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1. Non-Steroidal
(NSAIDs)

Anti-Inflammatory  Drugs

These are the most commonly used drugs globally.
They work by inhibiting the Cyclooxygenase (COX)
enzymes.

e Mechanism: Most NSAIDs are non-selective,
meaning they block both COX-1 (which protects
the stomach lining) and COX-2 (which causes
inflammation).

Common Examples:
e lbuprofen (Advil, Motrin)
e Naproxen (Aleve)

e Aspirin (Unique because it irreversibly inhibits
COX-1)
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e Celecoxib (A selective COX-2 inhibitor,

designed to be easier on the stomach)
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Anti-Inflammatory  Drugs

These are the most commonly used drugs globally.
They work by inhibiting the Cyclooxygenase (COX)
enzymes.

e Mechanism: Most NSAIDs are non-selective,
meaning they block both COX-1 (which protects
the stomach lining) and COX-2 (which causes
inflammation).

e Common Examples:

Ibuprofen (Advil, Motrin)

@)

o Naproxen (Aleve)

o Aspirin (Unique because it irreversibly
inhibits COX-1)

o Celecoxib (A selective COX-2 inhibitor,
designed to be easier on the stomach)

2. Corticosteroids (Steroids)

These are more potent than NSAIDs and are typically
used for severe or chronic inflammatory conditions
like Asthma or Rheumatoid Arthritis.

e Mechanism: They mimic the hormone cortisol,
produced by the adrenal glands. They work by
suppressing the immune system's response and
reducing the production of inflammatory
chemicals at the gene level.

e Common Examples: Prednisone,

Dexamethasone, and Hydrocortisone.
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Feature NSAIDs

Corticosteroids

Primary Target

COX-1 and COX-2 Enzymes

Glucocorticoid Receptors

Speed of Action

Fast (Minutes to Hours)

Moderate (Hours to Days)

Discovery Focus

Selective COX-2 inhibition to
reduce Gl toxicity

Reducing systemic side effects
(Weight gain, Bone loss)

Al Application | Predicting binding affinity to Modeling complex gene
COX enzymes expression changes
NSAID
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Current anti-inflammatory  drugs often have  stimuli, chronic inflammation involves a progressive

significant side effects:

e NSAIDs can cause stomach ulcers and kidney
issues.

e Steroids can lead to bone density loss and
immune suppression.

Al researchers are now focusing on discovering
"Selective Biologics™ or "'Small Molecules™ that
target only the specific inflammatory pathway
without affecting healthy organs.

1.2 Anti-Inflammatory Drugs

Inflammation is a complex biological response of the
body tissue to harmful stimuli such as pathogens,
irritants, and damaged tissue. This process is
extremely complicated and involves multiple types of
immune cells, blood vessels, and numerous molecular
biomarkers and targets. While acute inflammation is
usually the initial response of the body to harmful

1@, INTERNATIONAL JOURNAL OF SCIENTIFIC RESEARCH AND TECHNDLOGY
-

shift in the type of cells present at the site of
inflammation and is characterized by simultaneous
destruction and healing of the tissue. While
inflammation is an extremely important function of
the healthy human body, inflammatory abnormalities
are a large group of disorders that underlie a vast
variety of human diseases such as allergic reactions,
myopathies, immune system disorders, cancer,
atherosclerosis, and ischemic heart disease. [18, 19]
Therefore, anti-inflammatory  medications are
prescribed to limit the negative effects of the
inflammation process in these diseases. Additionally,
anti-inflammatory drugs remedy pain by reducing
inflammation. Anti-inflammatory drugs are divided
into two main categories: 1) corticosteroids, a class of
steroid hormones and their synthetic analogues that
are produced in the adrenal cortex of vertebrates (e.g.,
dexamethasone, and  prednisone). [20] 2)
Nonsteroidal anti-inflammatory drugs (NSAIDs) that
counteract the cyclooxygenase (COX) enzyme, which
synthesizes prostaglandins, creating inflammation
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(e.g., aspirin, ibuprofen, and naproxen). [21] Given
the very complex nature of the inflammation
processes in the body and the number of biochemical
molecules involved, there likely are multiple target
proteins that can be used to develop drugs to limit or
inhibit inflammation and subsequently pain. This
especially holds true in out era, that computer assisted
methods used in bioinformatics unveil new structural
and mechanistic details about the molecules involved
in inflammation and their interactions, regularly. In
addition, both common corticosteroid and NSAIDs
have multiple side effects, intensifying the urge to
invest time and effort in finding new alternative anti-
inflammatory (and subsequently pain relieving)
drugs. [22, 23] 2.

DISCUSSION
2.1. Machine Learning (ML) Assisted Drug Design

In the process of drug discovery, ML methods have
mostly been used in all the above-mentioned
computational approaches and other related fields
over the past few decades (Appendix A, Figure 1).
With the accumulation of “big” data on the molecular
structures and their properties and activities, ML
methods have developed into deep learning (DL)
approaches to deal with important biological
properties from large compound databases. ML and
DL have been used in various applications in this
context such as prediction of drug—protein
interactions, discovery of drug efficacy, and ensuring
the safety biomarkers (Appendix A, Figure 2). [24
28].

2.2. Machine Learning in Modern Anti-
Inflammatory Drug Design and Discovery

Generally, ML-based drug discovery includes five
steps: 1) target selection, 2) data collection, 3) data
description, 4) model building, and 5) model
evaluation. In the first step an appropriate target
(usually a protein) is chosen which activity in
inflammation process is already proved. If the study
includes a structure-based approach, the small
molecule libraries are searched for all potential
structures that could inhibit or activate the target. If
the ligand-based approach is followed, the similar
elements in the structure of the small molecules that
can inhibit or activate the target will be used as data.
el
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Afterwards, the most important step is to collect high-
quality experimental data, which are obtained from
specialized cheminformatic databases. Usually, two
datasets including a positive dataset and a negative
dataset are collected and a classification model is
trained on this data. To characterize chemical
structures of data as numeric features, two common
description methods are utilized (molecular
descriptors and molecular fingerprints). There are
multiple online tools to calculate descriptors (e.g.,
PaDel-Descriptor [29] and E-Dragon [30]). The
calculated descriptors could be mathematically
further manipulated (e.g., Pearson correlation
analysis) to improve the model [31]. After
constructing the predictive models, performance
metrics, including accuracy (Q), and Matthew’s
correlation coefficient (MCC), and area under the
receiver operating characteristic (ROC) curve (AUC)
are used to evaluate the performance of the models.
[32]

Novel NSAID Discovery

In many studies the focus has been put on finding
new molecular candidates, which inhibit COX but
show fewer side effects than the classical NSAIDs.
QSAR is one of the approaches that has been mostly
used to investigate these structures. For example, a
study published in 2022 involves the application of
chemical descriptors and ML (22 ML classification
models) to predict the bioactivity classes of molecules
for COX-2 inhibition using real multidimensional
COX-2 inhibitors (PubChem Fingerprints) obtained
from a curated database (ChEMBL). Among all the
tested algorithms, extreme gradient boosting classifier
(XGB Classifier) was found to be the best performer
(Q of 0.9484 and MCC of 0.8741). [33] In some other
studies a combination of approaches has been used to
repurpose existing drugs for anti-inflammatory
effects. For example, the interaction sites between
drugs and targets were determined by molecular
docking. 67 drug-target interaction descriptors were
calculated to describe the drug-target interactions, and
22 important descriptors were screened for drug
classification by support vector machine (SVM), light
gradient boosting method (LightGBM), and artificial
neural network (ANN) (Q of 0.9329, 0.9268, and
0.9451, and MCC of 0.852, 0.840, and 0.882,
respectively). Number of atom pairs, force field, and
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hydrophobic interactions were the key features for
classifying anti-inflammatory drugs. [34]

2.2.2. Ant-inflammatory peptides (AIPs)

Although information about peptides are still
scattered across the literature, several peptide-based
databases exist that offer experimentally validated
data [32] and are used in building predictive and
design models of peptides drugs. Although these
databases focus on specific type of peptides such as
antimicrobial ~ peptides and are not very
comprehensive and most of them only cover the
positive result of peptide activity, many of them play
a crucial role in AIP discovery (e.g., APD [35],
Peptaibol [36], CyBase [37], DADP [38], Hemolytik
[39], AVPdb [40], DBAASP [41], SATPhd [42]). ML
methods such as SVM, random forests (RF), and
ANN have been widely applied to develop predictive
models for peptide activity. [32] In 2017, Gupta et al.
[43] developed predictive models to discriminate the
AlIPs from non-AlPs by utilizing SVM and RF
methods (Q and MCC value of SVM model on
validation set 0.72 and 0.45). The web server IL-
10pred was constructed for the prediction of potential
interleukin-10 (IL-10) inducing peptides, [44] which
are one of the important cytokines, that suppress
inflammatory responses, alleviate autoimmune
pathologies [45] and extend graft survival [46]. This
server was developed based on RF algorithm by
utilizing dipeptide composition, which displayed the
highest Q and MCC value of 0.8224 and 0.59. AIP-
Pred [47] is a web server, which focuses on
identifying potential AIP candidates using extremely
randomized tree (ERT), SVM, k-nearest neighbor
(kNN) and RF approaches combined with the selected
optimal features to build classifiers. The AUC value
of the best classifier achieved 0.814 on an
independent dataset. Apart from the databases and
online predictive tools, there are many ML-based in
silico studies for predicting peptide activity that are
not integrated to web servers. For example,
AntiFlamPred uses a deep neural network (DNN)
approach to predict the anti-inflammatory response of
peptides with an AUC of 0.919 and MCC of 0.735.
[48]

2.2.3. Anti-inflammatory plant-based compounds
and natural products
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Usually, compounds obtained from natural sources
have little or no side effects, thus searching for new
lead compounds among traditionally used anti-
inflammatory medications is a common strategy.
Therefore, high throughput in silico ML screening
methods to identify potential compounds from natural
sources is a growing field in drug discovery efforts. In
addition to COX, lipoxygenase pathway is important
in inflammatory processes; therefore, natural
inhibitors of both pathways would act as high efficacy
and low side effect anti-inflammatory medications. In
one of the early studies with this metabolomic
approach, leaf extracts of Asteraceae species with in
vitro dual inhibition of cyclooxygenase-1 and 5-
lipoxygenase were analyzed by high performance
liqguid chromatography and high-resolution mass
spectrometry analysis using ML algorithms. As a
result, a robust ANN model for predicting the anti-
inflammatory activity of natural compounds was
obtained (Q of 0.81). [49-51] This approach has been
used by multiple other studies to inhibit the activity of
inflammatory biomarkers. [52-55] In another study,
three ML approaches, including SVM, RF and GBM
have been applied to develop the classification model.
The model was generated using the cyclooxygenase-
2 (COX-2) inhibitors reported in the ChEMBL
database (Q of SVM, RF and GBM was found to be
0.7540, 0.7479, and 0.7460, respectively).
Application of the model on NuBBE database, a
repository of natural compounds, led the researchers
to identify a natural compound, enhydrin, possessing
analgesic and anti-inflammatory activities. [56]
Recently, a comprehensive online web platform
(InflamNat) has been developed for anti-
inflammatory natural product research. InflamNat is a
database containing the physicochemical properties,
cellular  anti-inflammatory  bioactivities, and
molecular targets of 1351 natural products that tested
on their anti-inflammatory activities. It also provides
two ML-based predictive tools specifically designed
for natural products that (1) predict the anti-
inflammatory activity of natural products and (2)
predict the compound-target relationship for
compounds and targets collected in the database but
lacking existing relationship data. A novel multi-
tokenization transformer model was used as the
sequential encoder for both predictive tools (AUC of
0.842 and 0.872 in anti-inflammatory activity
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prediction  and
respectively). [57]

compound-target  interactions,

CONCLUSION

The process of designing and developing new drugs
including anti-inflammatory drugs is extremely
expensive and cumbersome. However, currently
available anti-inflammatory medications
(corticosteroids and NSAIDs) have severe side
effects. Additionally, the new advancements in
computational  biology, cheminformatics, and
bioinformatics, unveil the molecular mechanisms
behind inflammation with a speed we have never
experienced in science before. Scientists have used
this opportunity to apply ML assisted methods
towards the anti-inflammatory drug design and
discovery  (structure-based and ligand-based
approaches). These efforts have been taken in three
directions: 1) ML assisted discovery of novel NSAIDs
with less side effects, 2) ML assisted discovery of
AlPs with high specificity, 3) ML assisted discovery
of anti-inflammatory natural products with no side
effects. Generally, the best results are the product of
merging some of the classical approaches in drug
design and discovery (e.g., docking and QSAR) with
the state-of-the-art ML and DL methods.
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