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Abstract

Inflammatory bowel disease (IBD), which encompasses Crohn’s disease and ulcerative colitis, affects
about 5 million people worldwide and is caused by the inflammation of the gastrointestinal tract. Current
treatments including surgery, anti-inflammatory medications, and cytokine inhibitors, often fall short
because of their limited efficacy, side effects, or narrow cytokine targeting. To address this need, this
project focused on developing a novel small-molecule inhibitor for Cathepsin C (CTSC), a cysteine
protease that activates serine proteases. Serine proteases are responsible for activating multiple
pro-inflammatory cytokines, which induce inflammation and further elevate IBD. 3,5-dimethoxycinnamic

acid was chosen as the starting scaffold, stree

computational modeling in Schrodinger Maestro, over 200 different variants of 3,5-dimethoxycinnamic

acid were docked to the CTSC protein and screened for docking scores and ADME pharmacokinetic
properties. Structure 228 (S228) was selected as the ideal candidate, was synthesized, and evaluated in
Drosophila melanogaster via the SMURF assay, which was given DSS-induced IBD to test S228’s
efficacy in vivo. S228 demonstrated measurable improvements in gut integrity and survival. These
results suggest that upstream inhibition of CTSC may offer a new therapeutic strategy for IBD by

significantly reducing cytokine driven inflammation.



1 Inflammatory Bowel Disease Introduction

1.1 Background

Inflammatory Bowel Disease (IBD) affects about 5 million people worldwide, with cases rising each year.
Today, more than 1% of adults living in the U.S. are diagnosed with IBD at some point in their lives [1].
IBD is characterized by the inflammation of the gastrointestinal tract (GI tract), due to the overproduction
and release of inflammatory cytokines that bind to receptors in the intestines, inducing inflammation.
There are 2 main types of IBD: Crohn’s disease (CD), which can affect any part of the GI tract, from the
mouth to the anus, and every layer of the wall lining; and ulcerative colitis (UC), which causes inflamed
sores (ulcers) and is limited to the colon and rectum, affecting only the innermost colon lining [2]. Both
conditions cause severe abdominal pain, diarrhea, rectal bleeding, nausea, weight loss, and constipation,
significantly reducing a patient's quality of life. IBD is influenced by numerous environmental and
genetic factors. For example, individuals with certain gene variants have weakened epithelial barriers,
allowing bacteria from the colon to enter the underlying tissue, triggering an aggressive inflammatory
response and inflammation [3]. The immune response in IBD is heavily driven by activated neutrophils,
macrophages, and T-cells, all of which release pro-inflammatory cytokines including IL-1f, IL-6, TNF-a,
IL-12, and IFN-y [1]. These chemical mediators cause a cycle of epithelial barrier damage and recruit
more immune cells, leading to an uncontrolled and chronic immune response. There are currently no

cures for IBD, with treatments aiming to reduce inflammation and produce remission [4].

1.2 Current Treatments and Previous Research Conducted

Current treatments include anti-inflammatory medications, surgery to remove a part or the entirety of the
colon or rectum, biologics to neutralize inflammation-causing proteins, immunomodulators and
corticosteroids to suppress the immune response and release of anti-inflammatory chemicals, and small
molecule inhibitors that target cytokines and inflammatory mediators [4]. Although these approaches can
alleviate symptoms and inflammation, they are limited by inconsistent efficacy, systemic side effects, and
the development of resistance. Recent therapies have shifted towards small-molecule inhibitors that target
signaling pathways more precisely. Among these recent therapies, Janus kinase (JAK) inhibitors can
target enzymes in the immune system involved in inflammation and have shown clinical promise.
Tofacitinib, commonly known as Xeljanz, is among these promising JAK inhibitors and has been
approved for IBD treatment [5]. However, the US Federal Food and Drug Administration recently started
warning about using tofacitinib, reporting that studies show the drug can lead to an increased risk of
heart-related conditions and cancer [4]. Another limitation of many current inhibitors is the narrow
targeting of single cytokine pathways. Many popular treatments fall under this category, such as, Skyrizi,

risankizumab-rzaa, which targets [L-23; Omvoh, mirikizumab-mrkz, which also targets IL-23; Remicade,
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infliximab, which targets TNF-a; and Actemra, tocilizumab, which targets IL-6. However, research shows
that targeting a single cytokine pathway has not achieved a widespread reduction in inflammation, making
it an ineffective approach. IBD involves a complex system of inflammatory signals, meaning that only
stopping one pathway leaves other inflammatory pathways that can take its place. As a result, many
patients experience relapses or only have partial responses [6]. Because patients display diverse cytokine
profiles, have varying immune responses to IBD, and because IBD has a heterogeneous etiology, the key
cytokine driving gut inflammation can vary from patient to patient. Without integrating patient specific
features, single cytokine therapies may cause inconsistent results [7, 8]. By targeting upstream pathways
that regulate multiple cytokines, the likelihood of suppressing the key inflammatory driver in a given

patient increases.

1.3 Small Molecule Pharmaceuticals

Small molecule inhibitors are characterized by their small size/molecular weight, which increases oral
bioavailability, allowing for efficient systemic delivery. Unlike large biologics such as monoclonal
antibodies, small molecules can be administered orally rather than by injection, improving patient
satisfaction and significantly reducing treatment costs [9]. Their small size also enables them to cross cell
membranes, penetrate tissues more easily, and are effective at targeting intracellular pathways [8].
Furthermore, small molecule inhibitors are generally less expensive to produce and easier to formulate
into different dosage forms [8, 9]. These advantages make small molecule pharmaceuticals an attractive
therapeutic target for chronic diseases, such as IBD, where convenient, cost effective, and long lasting

treatments are desired.

14 Cathepsin C Background

Emerging research suggests that Cathepsin C (CTSC), also known as dipeptidyl peptidase I, plays a
central role in regulating neutrophil activity and inflammatory signaling, making it an ideal therapeutic
target for IBD. CTSC is a lysosomal cysteine protease expressed in immune cells including neutrophils,
mast cells, and cytotoxic lymphocytes [10, 11, 12]. Unlike many proteases that act independently, CTSC
forms a tetramer, meaning it is built from four identical subunits that expose active sites used for protein
processing [11, 12]. The main job of CTSC is to act as a main activator for a broad range of serine
proteases. CTSC works by removing a dipeptide from the N-terminus of inactive serine protease
zymogens, with the main ones being granzymes A and B, proteinase 3 (PR3), cathepsin G (CatG),
neutrophil elastase (NE), NSP-4, tryptase, and mast cell chymase prompting their conversion into active
forms [12]. Once activated, these proteases drive immune defense, tissue remodeling, and importantly,

cytokine release. In IBD, CTSC becomes a key driver of mucosal damage. Activated neutrophil serine
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proteases (NSP’s) accumulate in the intestinal mucosa and subsequently break down the epithelial barrier
[12]. In particular, CTSC-regulated proteases trigger the release of multiple pro-inflammatory
cytokines—including IL-1p, IL-6, TNF-a, CCL3, CXCL2, GM-CSF, and many others—both directly, by
stimulating immune cells, and indirectly, through the chemokine mediated recruitment of additional
neutrophils, cytotoxic T-cells, mast cells, natural killer T-cells, and monocytes [11, 12]. This then leads to
a cascade of inflammation, and the recruitment of more immune cells, further increasing cytokine
production, and continuing tissue damage, as shown in figure 1. This can even lead to NETosis, where
neutrophils release webs of DNA and enzymes to trap pathogens, damaging tissues in the process, further
inducing IBD [11]. While this system is essential and beneficial for normal immunity, its overactivation in
the gut can cause significant epithelial injury, barrier breakdown, and chronic inflammation. It is
important to note that CTSC levels are elevated in IBD patients [13]. Gene knockout testing and
inhibition studies have confirmed that inhibiting CTSC is safe [14]. By inhibiting CTSC, the goal is to
stop the downstream activation of serine proteases and subsequent cytokine release by CTSC-regulated
proteases to reduce IBD inflammation, which would also allow the intestines to heal. Since CTSC sits at
such an important intersection in the IBD inflammatory cascade, it is a compelling target for therapies that

aim to reduce cytokine mediated gut inflammation.
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Figure 1: Diagram of the CSTC activation pathway that leads to IBD | Figure made by author using Biorender

1.5 3,5-Dimethoxycinnamic Acid as a Scaffold for Inhibitor Design

3,5-Dimethoxycinnamic acid is a cinnamic acid derivative with two methoxy groups at the 3 and 5
positions on a benzene ring and an o,pB-unsaturated carboxylic acid chain, as shown in figure 2.
3,5-dimethoxycinnamic acid was selected because the carboxylic acid group provides a functional place
for further modifications and adds flexibility to help the ligand fit better into the binding pocket of CTCS.
Its structure is already known for antioxidant and anti-inflammatory properties, which are sought after in

IBD treatment, especially in a disorder where oxidative stress and inflammation work together to cause
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intestinal tissue damage [15, 16]. Studies have also shown that methoxylated cinnamic acids can
neutralize unstable free radicals and reduce lipid peroxidation, which could disrupt cell function and

further lead to inflammation [17].

OH

Figure 2: Structure of 3,5-dimethoxycinnamic acid which was used as the starting compound for S228 | Figure made by author using

MarvinSketch

2 Scientific Aim

The goal of this project was to design, synthesize, and test a novel derivative of 3,5-dimethoxycinnamic
acid as a potential inhibitor of CTSC aimed to treat IBD. Using scaffold-based ligand design,
computational docking, and ADME property predictions, a candidate was identified and optimized. A
synthesis was developed for feasibility, and the small molecule inhibitor was then synthesized and tested

in Drosophila melanogaster to test the inhibitor's performance in vivo.

3 Methodology

31 Computational Design

Protein Preparation: Computational design was done in the Schrodinger Maestro Suite. The Cathepsin
C protein complex (PDB 4CDE) was prepared using Protein Preparation Workflow. To prepare the
protein, extra waters were removed, side chains were filled in, and a structural minimization was
performed. 4CDE was selected due to its good ligand structure quality compared to other CTSC proteins
in the Protein Data Bank. The CTSC binding pocket was located using the Glid Grid feature and with the
help of the cognate ligand present in the PDB file. Important residues for CTSC inhibition were found

using previous research [14].

Ligand Preparation: Ligands were prepared using the LigPrep feature in the Schrodinger Maestro Suite.
To prepare the ligands, missing hydrogens were added, geometries were optimized, and different
protonation states and stereoisomers were tested. A preparation pH of 6.5+1.0 was used for all ligands to
approximate the physiological environment of the duodenum, the first portion of the small intestines,
where IBD most commonly occurs. This pH range was selected to ensure the designed ligand would

remain active and effective by the time it reached the therapeutic region. In addition, the condition aligns
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with future plans toward targeted biodelivery strategies, providing a framework for subsequent

optimization.

Docking Score: The docking score was one of the metrics used to determine a drug candidate. It provides
a computational estimate of the strength of the interaction between the CTSC binding pocket and the
ligand, with a more negative number showing a higher likelihood of binding to the target binding site
within the binding pocket. Before docking, the LigPrep tool was used to expand possible ionization states,
enumerate stereoisomers, and generate low energy 3D structures for the ligands that would be docked to
the CTSC protein. The glide feature was then used to dock all ligands to the CTSC protein. Figure 3
shows CatC inhibitor 10 docked in the binding pocket of the CSTC protein [14]. This docking score was

saved as a baseline measurement for subsequent docking.

Figure 3: CatC inhibitor 10 (white) in the binding pocket of the CTSC protein | Figure made by author using Schrodinger Maestro

Scaffold based Ligand Design: Previous docking studies have identified CYS-234, ASP-1, ASN-380,
and HIE-381 as important activation residues for CTSC inhibition, with CYS-234 being the critical and
decisive determinant of inhibitory potential [13, 14]. Initially, a library of structural variants were docked
and analyzed. 3,5-dimethoxycinnamic acid, shown in figure 2, was ultimately chosen as the baseline
scaffold due to its improved synthetic accessibility and more practical suitability for the intended
modifications. The chosen baseline scaffold preserved the essential structural features necessary for
activation while enabling a more convenient and cost effective route for further ligand development. A
total of 200 ligands were designed by hand using the baseline scaffold, and the best docking ligands were

selected for the next phase of pharmacokinetic selection.

ADME Pharmacokinetic Properties: Compounds that had the highest docking scores were selected for

pharmacokinetic, cytotoxicity, and Lipinski rule violation screening. Ligands with 2 or more Lipinski
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violations were not considered. Additional ADME properties included: QPlogHERG, predicted inhibition
of HERG K+ channels, an important cardiotoxicity risk; QPlogS, predicted aqueous solubility, important
for oral bioavailability; QPlogKhsa, predicted binding affinity to human serum albumin, which affects the
amount of free drug available in the bloodstream; and CNS, estimated blood-brain barrier penetration of
the drug. Acceptable ranges for the following ADME properties were selected based on the QikProp
manual: a QPlogHERG score above -6 (with the CatC inhibitor 10 having a score of -6.512), a QPlogS
score above -2, a QPlogKhsa score within the -1.5 and 1.5 range, a CNS score of -2, and less then 2

Lipinski rule violations [18].

3.2 Synthesis of Ligand S228

Step 1 Synthesis: Synthesis of S228 followed a 3-step process. The first synthesis step involved the
nitration of the dimethoxybenzene ring, as shown in figure 4. 2.004g, 9.6 mmol, of the baseline scaffold
3,5-dimethoxycinnamic acid (Sigma Aldrich) was diluted in as little acetonitrile (Sigma Aldrich) as
possible in a separate beaker. Into a 50 mL round-bottom flask set over an ice bath and stir bar, 0.533 mL
of conc. H,SO, (Fisher Scientific) and 0.608 mL of conc. HNO; (Fisher Scientific) was added. While
stirring, the diluted 3,5-dimethoxycinnamic acid was added dropwise over 2 minutes into the round
bottom flask. This was allowed to stir for 5 minutes, constantly over the ice bath. This mixture was then
added to a 100 mL beaker filled with 50 mL of ice cold deionized H,O and stirred to allow the nitrated
solvent to precipitate out. After letting this sit for 3 minutes, the solids were vacuum filtered through a
filter paper that weighed 0.255 g, and then washed with deionized H,O. The nitrated precipitate was then
diluted in a 25 mL beaker filled with 5 mL of hot ethanol (Fisher Scientific) and immediately put into an
ice bath to recrystallize for 20 minutes, as shown in figure 5. The recrystallized solids were then vacuum
filtered once again, through a 0.231 g filter paper. The filter paper and solids were then transferred to a
glass weight plate and placed in the oven to dry at 60 °‘C for 15 minutes. After drying,
4-nitro-3,5-dimethoxycinnamic acid (compound 1) was collected and transferred to a glass vial, as shown
in figure 5, producing a 31.4% yield [19]. FTIR spectroscopy, using the Shimadzu IRSpirit, was

conducted to characterize the formed compound, and 0.610 g of compound 1 remained after testing.
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Figure 4: Compound 1 synthesis scheme. Nitration of dimethoxybenzene ring | Figure made by author using MarvinSketch
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Figure 5: (Left) Compound 1 in glass vial, and (Right) compound 1 precipitate dissolved in hot ethanol | Photo taken by author

Step 2 Synthesis: The second synthesis step involved the conversion of a carboxylic acid to an amide via
N,N’-Dicyclohexylcarbodiimide (DCC) coupling, as shown in figure 6. This reaction was done in a 1:10
ratio of compound 1 to 1,3-diamino-2-propanol. This ensured that during DCC coupling, unreacted
compound 1 would be statistically favored to react with another unreacted compound 1 then with a
coupled compound 1, decreasing the chance of dimer formation. 0.307 g, 1.21 mmol, of compound 1 was
added into a 30 mL beaker with 2.52 g, 12.2 mmol, of DCC (Sigma Aldrich) and dissolved with as little
tetrahydrofuran (THF) as possible. 1.0 g, 11.09 mmol, of 1,3-diamino-2-propanol (Thermo Scientific) was
added to a 25 mL round-bottom flask and dissolved with as little THF as possible. The 25 mL
round-bottom flask was placed over an ice bath with a stir bar and the compound 1/DCC mixture was
added dropwise to the round-bottom flask while stirring over the ice bath until all was added. The mixture
was stirred at room temperature for 3 days, as shown in figure 7. Reaction progress was checked half way
through the reaction using thin layer chromatography (TLC) to ensure the reaction was occurring. After 2
days of mixing, the reaction was filtered through a vacuum filter, taken up with ethyl acetate (Fisher
Scientific), and washed with sodium bicarbonate (Fisher Scientific) to produce unpurified compound 2.
Subsequent TLC testing was conducted using methanol (Fisher Scientific) as the mobile phase, showing
that 3,5-dimethoxycinnamic acid and (E)-N-(2-amino-3-hydroxypropyl)-3-(4-nitro-3,5-dimethoxyphenyl)
prop-2-enamide (compound 2) traveled to the solvent front while 1,3-diamino-2-propanol remained at the
base line. To further purify the product, column chromatography was performed, with the expectation that
1,3-diamino-2-propanol would stay in the column while the desired compound 2 would exit the column.
The crude product was diluted in methanol (Fisher Scientific) and loaded onto the column to drip for 3
days. TLC was conducted once again with methanol as the mobile phase. A drop from each of the 5 vials
containing dripped product from column chromatography was tested, as shown in figure 7. The contents
of vials 1-3, where majority of the compound 2 was found, were added to a 25 mL round-bottom flask
and methanol was roto evaporated (rotovap). After rotovap, 0.804 g of compound 2 was collected and

placed in a 50 mL beaker, for a crude yield of 262%, due to the impurities and viscous state present in the
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compound 2 product [20]. FTIR spectroscopy was conducted to characterize the formed compound, and

0.610 g of compound 1 remained after testing.
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Figure 7: (Left) Compound 2 reaction at room temperature mixed for 3 days, and (Right) TLC plate with samples from 5 column

chromatography vials. Vials 1, 2, and 3 had the most visible compound 2 (purple) | Photo taken by author

Step 3 Synthesis: The third synthesis step involved the reduction of an aromatic nitro group into an
amine, as shown in figure 8. 0.50 g, 1.67 mmol, of compound 2, 0.71 mL of acetic acid (Thermo
Scientific), 2.86 mL of ethanol (Fisher Scientific), and 0.286 g of fine Fe powder (Fisher Scientific) were
added to a 25 mL round bottom flask. While stirring over an ice bath, 4 drops of conc. HCI was added to
the round bottom flask to catalyze the reaction and stirred for 3 minutes. This addition was exothermic.
After mixing, the mixture was heated to reflux for 45 minutes. A TLC was taken at time 0 and every 15
minutes after. The mixture was then removed from reflux and allowed to cool to room temperature. The
mixture was then filtered by vacuum filter and rotovapped to get a concentrated thick oil. This oil was
separated using a separatory funnel with 3.57 mL of ethyl acetate (Sigma Aldrich) and 1.43 mL of
deionized H,0. The product was then basified to a pH of 11 using 6 M NaOH (Fisher Scientific). This
basified organic layer was then separated and washed once again with 0.71 ml x 2 sat. ag. NaHCO;
(Fisher Scientific) solution, 0.71 mL x 2 deionized H,O, 0.71 mL NaCl, and dried with Na,SO, (Sigma
Aldrich). This resulting product was then concentrated using rotovap, to give 0.038 g of S228 as a
product, for a step 3 yield of 7.6% and an overall yield of 1.52% [21]. An FTIR spectroscopy and an
'H-NMR spectroscopy, using the Nanalysis NMReady 60 Pro, were conducted to verify S228’s formation.
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Figure 8: Compound 3 synthesis scheme. Reduction of a nitro group to an amine on the benzene ring | Figure made by author using

MarvinSketch

33 Biological Testing

Model Organism: Drosophila melanogaster was selected as a model organism for the preliminary in
vivo screening of anti-inflammatory efficacy. While Drosophila melanogaster lacks a direct CTSC
ortholog, this model provides a valuable base for initial drug evaluation prior to more resource intensive
mammalian studies. The D. melanogaster gastrointestinal tract shows conserved responses to
inflammatory damage including an increased intestinal permeability and barrier disruption, which are key
pathological features of IBD [22]. This model also enables the compounds bioavailability, toxicity,
anti-inflammatory activity, and dose-response to be easily accessed. Additionally, due to the translucent
nature of the D. melanogaster abdomen, direct visualization and characterization of intestinal tissue is
possible. This preliminary data is essential for determining whether it is logical to further investigate the

compound in mammalian models, where CTSC specific inhibition can be verified.

Drug Dosage Methodology: Following '"H-NMR verification, S228 remained dissolved in DMSO-d; at a
known concentration. The stock solution concentration was calculated based on the mass of S228 and the
volume of DMSO-d, used. To prepare working treatment concentrations, dilutions were performed to
achieve final concentrations: 0.1 uM, 0.5 uM, 2.5 uM, and 5.0 uM of S228. The required volume of
S228/DMSO-d, solution was calculated for each target concentration and added directly to fly medium
prior to the addition of the D. melanogaster. The final DMSO concentration in all treatment groups was

calculated to not exceed 0.5% v/v to avoid toxicity.

Experimental Design Overview: D. melanogaster testing was split into two groups: one group received
S228 before receiving DSS-induced IBD to test S228’s potential as a preventative treatment, while the
other group received S228 after DSS-induced IBD had developed to test S228’s potential as a therapeutic

treatment.

SMUREF Assay: Figure 9 shows visually how the SMURF assay process works. The preventative group

of D. melanogaster were maintained in fly medium with different treatment concentrations mixed into
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their food for 6 days. The D. melanogaster were then transferred to empty vials containing 2% agar for 24
hours to starve. Next, the D. melanogaster were transferred to vials containing either a 250 uL of 5%
sucrose or a 5% sucrose (Carolina Biological) with 4% DSS (Spectrum Chemicals) solution soaked in a
filter paper, to induce IBD for 48 hours. After the 48 hour period, the D. melanogaster were transferred to
vials containing food with 2.5% w/v Brilliant Blue FCF (Sigma Aldrich) dye to feed for 24 hours [23].

The therapeutic group of D. melanogaster was maintained in vials containing either a 250 pL of 5%
sucrose or 250 pL of 5% sucrose with 4% DSS solution soaked in a filter paper, to induce IBD for 4 days.
The D. melanogaster were then transferred to vials containing fly medium with different treatment
concentrations mixed into their food to feed for 3 days. After the 3 day period, the D. melanogaster were
transferred to vials containing food with 2.5% w/v Brilliant Blue FCF dye to feed for 24 hours [23]. The
flies were dissected in hemolymph ringer solution (171. 9 mM KClI, 3.0 mM MgCl,, 1.0 mM CacCl2, 25.0
mM NacCl, 10.0 mM HEPES, and 22.5 mM D-glucose adjusted to a pH level of 6.5) and examined under
a dissecting microscope [23]. The average blue intestinal intensity was calculated in FIJI ImageJ. The
intestinal images were colour deconvoluted under the Brilliant Blue setting, inverted, and a 64x64 pixel

box was used as the area of measurement for all trials.
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Figure 9: Diagram of SMURF assay process | Figure made by author using Google Slides. Adapted from Livingston et al., 2020 [28]

Survival Assay: Newly hatched D. melanogaster were fed and maintained according to the SMURF
assay procedure. Both treatment group types were accessed for 11 days. Time-to-death recordings were
recorded for each treatment group once a day. Behavioral change was also accessed twice a day by
flipping the glass tubes they were in, and accessing how fast the D. melanogaster climbed back to the top.
How fast this occurred was indicative of their health. Flies that took a long time would likely die within

48 hours. All deaths and significant changes were recorded [24].
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Maintenance: Wild-type Drosophila melanogaster (Carolina Biological) were maintained at 19.1 C in a
1:1.3 ratio of fly medium (Carolina Biological) to deionized H,O, with 4-5 grains of yeast per vial. Newly
enclosed flies were iced and sorted by sex. The males were aged in groups of 6-7 flies per vial. The food
in the vials was changed once the food looked fully consumed and dead D. melanogaster were removed

from vials to maintain food quality.

4 Results and Discussion

4.1 Computational Modeling and Ligand Selection

The objective of the computational phase was to design a novel CTSC inhibitor using
3,5-dimethoxycinnamic acid as a scaffold, with an improved docking score and ADME pharmacokinetic
properties relative to CatC inhibitor 10 [14]. After the initial docking score screening, 26 compounds were
selected for further pharmacokinetic, cytotoxicity, and Lipinski rule violation screening. As shown in
figure 10, S228, achieved a docking score of -7.226, a 20.4% improvement over CatC inhibitor 10. S228
also achieved a QPlogHERG score of -5.734, 1 Lipinski rule violation, a QPlogS score of -1.346, a
QPlogKhsa score of -0.696, and a CNS score of -2. All of these scores were within the optimal ranges for
computational modeling and suggested that S228 would have a strong binding affinity to the Cathepsin C

protein, while maintaining its favorable pharmacokinetic properties.

As shown in figure 11, S228 formed multiple stabilizing interactions within the CTSC binding site.
Specifically, S228 formed 1 salt bridge and 2 hydrogen interactions with the critical CYS-234 residue,
and 1 hydrogen bond with the ASN-380, ASP-1, NAG-1119, and THR-379 residues. Together, these
interactions explain S228’s high predicted docking score and its inhibitory potential. The combination of a
high binding affinity, ideal pharmacokinetic properties, low cost, and synthetic feasibility, supported

S228’s selection for synthesis and in vivo testing.
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Structure Name: Docking Score: | QPlogHERG Score:| Lipinski's Rule of 5: | QPlogS Score: | QPlogKhsa Score:| CNS Score:
Ligand 1 (B22) -5.998 -6.512 0 -3.361 -0.079
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Figure 10: Computational Results for Top Candidates. Dark green scores indicate optimal values, light green scores indicate acceptable values,

and red scores indicate values outside of the threshold, and were eliminated from contention. Structure 228 (S228) was selected for synthesis due

to its synthesis feasibility, high docking score, and optimal ADME pharmacokinetic properties | Figure made by author using Google Sheets
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Figure 11: Ligand-protein interaction diagram of Structure 228 (S228) within the CTSC binding pocket. Pink arrows represent hydrogen bonds

formed between S228 and key CTSC binding site residues, while Red/Blue arrows represent salt bridge interactions | Figure made by author

using Schrodinger Maestro
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4.2 Synthesis and Structural Verification

Step 1 Synthesis Verification: FTIR

A 3 step synthesis was developed to synthesize S228. The purpose of the step 1 reaction was to nitrate the
dimethoxybenzene ring on position 4, which would allow nitro reduction to achieve the desired amine in a
following step. Following the nitration reaction, an FTIR spectrum of compound 1 showed the appearance
of two new distinct absorption peaks at about 1530 cm™ and 1340 ¢cm™, as shown in figure 12, that were
absent in the overlaid FTIR spectrum of the starting molecule. The new peaks corresponded to the
symmetric and asymmetric N=0 bonds, key indicators of successful electrophilic aromatic nitration [25,

26, 27].

FTIR of Starting Compound vs Compound 1

@
G
% Absorbance

3800 3300 2800 2300 1800 1300 800
Frequency(1/ecm)
4-nitro-3,5-dimethoxycinnamic acid 1500 1450 1400 1350

—— 3,5-dimethoxycinnamic acid

Figure 12: (Left) FTIR of starting molecule compared to compound 1, and (Right) Zoom on FTIR showing the appearance of N=0O absorption
peaks, at 1530 cm™ and 1340 cm™! | Figure made by author using Excel

Step 2 Synthesis Verification: FTIR

The purpose of the step 2 reaction was to link 1,3-diamino-2-propanol  with
4-nitro-3,5-dimethoxycinnamic acid by turning the carboxylic acid into an amide. Following the
conversion of the carboxylic acid to an amide, the FTIR spectrum of compound 2 showed clear changes
consistent with successful amide conversion, when overlaid with an FTIR of compound 1. The strong
C=0 peak at about 1710 cm™, as shown in figure 13, disappeared in the products spectrum. In its place, a
sharp amide C=0 (amide 1) band appeared at about 1620-1640 cm™ and a C-N (amide 2) stretch appeared
at about 1445 cm™. Lastly, a broad band at about 3300 cm™ appeared, corresponding to the overlapping
N-H and O-H stretching bands from the amide and hydroxyl substituents [26, 27].
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FTIR of Compound 1vs Compound 2

N
G
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Frequency(1/cm)
—— (E)-N-(2-amino-3-hydroxypropyl)-3-(4-nitro-3,5-dimethoxyphenyl) prop-2-enamide 1620 1570 1520 1470

4-nitro-3,5-dimethoxycinnamic acid

Figure 13: (Left) FTIR of compound 1 compared to compound 2, and (Right) Zoom on FTIR showing the appearance of C=O and C-N

absorption peaks, at 1620 cm™ and 1445 cm™ respectively | Figure made by author using Excel

Step 3 Synthesis Verification: FTIR

The purpose of the step 3 reaction was to reduce the nitro group added in step 1 into an amine. Following
the nitro reduction, the FTIR spectrum of S228 showed the disappearance of the asymmetric and
symmetric N=O absorption peaks, at about 1530 cm™ and 1340 c¢cm’, as shown if figure 14, when
overlaid with an FTIR of compound 2, indicating the reduction of the nitro functional group. Also, N-H
stretching bands appeared at about 1620 cm™ and 3300 cm™!, confirming formation of the desired aromatic

amine, and S228 [25, 26, 27].

FTIR of Compound 2vs S228

120

110
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3600 3100 2600 2100 1600 1100 600 1550 1500 1450 1400 1350
Frequency(1/cm)

—S228

—— (E)-N-(2-amino-3-hydroxypropyl)-3-(4-nitro-3, 5-dim ethoxyphenyl)prop-2-enamide

Figure 14: (Left) FTIR of compound 3 compared to S228, and (Right) Zoom on FTIR showing the disappearance of the N=O absorption peaks,
at 1530 cm™ and 1340 cm™ | Figure made by author using Excel

Overall Synthesis Verification: '"H-NMR

The purpose of conducting a '"H-NMR spectroscopy on S228 was to further confirm successful synthesis
of the final compound and verify its structure. S228’s experimental '"H-NMR spectra was compared to
S228’s predicted '"H-NMR spectra in NMRium. The experimental spectrum showed two sharp singlets at

3.7-3.9 ppm, representing the two methoxy groups attached at the 3 and 5 positions of the benzene ring of
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S228. There were also multiplets present in the 1.0-3.5 ppm range, corresponding to the aliphatic CH and
CH, protons of the 1,3-diamino-2-propanol substituent. In the aromatic region, peaks appeared between
6.8-7.6 ppm, consistent with the expected aromatic protons of the benzene ring in S228. There were also
multiplets present in the 4.5-5.0 ppm range, corresponding to the hydroxyl and amine group protons. The
predicted and experimental spectra showed strong alignment in both the chemical shifts and relative
intensities of the peaks, confirming that the synthesized compound structure matched with S228’s
structure. Overall, the '"H-NMR data worked with the FTIR data, verifying the successful synthesis of
S228.

4.3 Preventative Efficacy of S228: SMURF Assay

A characteristic structural change that occurs in IBD patients is a high gastrointestinal tract permeability,
which can cause poor digestion, nutrient malabsorption, and a wide range of symptoms, as mentioned
earlier. Drosophila melanogaster was identified as the optimal model organism for preliminary in vivo
screening of the anti-inflammatory efficacy of S228 due to its physiological and genetic similarities with
mammalian intestines, and semi-permeable intestinal anatomy. The objective of the SMURF assay was to
visualize the integrity of the intestinal barrier in D. melanogaster when treated with various doses of
S228. As shown in figure 16, the SMURF assay was used to test whether S228 could prevent intestinal
barrier damage when given before DSS-induced IBD. After dissection and quantification of the average
blue intestinal intensity using FIJI ImageJ, doses of 0.1 uM, 0.5 pM, and 2.5 uM of S228 yielded average
blue intensities of 95.68%, 97.61%, and 98.40% respectively. The 0.1 pM and 2.5 uM doses of S228
reached p-values<0.05, while the 0.5 uM dose of S228 reached a p-value<0.01 when compared to the
negative control w/IBD treatment group, which yielded an average blue intensity of 51.22%, as shown in
figure 16. These statistical results suggest that S228 was very effective in preventing damage to the gut
barrier and lowering intestinal permeability when given as a preventative treatment at all of the
concentrations tested, even having higher average blue intensities than healthy D. melanogaster. But more
specifically, these findings suggest that moderate concentrations of S228 are optimal for preventing
intestinal barrier damage, while higher concentrations may cause mild stress responses in D.

melanogaster.
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Negative Control (5% Negative Control w/ IBD | Preventative Group: 0.1 | Preventative Group: 0.5 | Preventative Group: 2.5 | Therapuetic Group: 0.5
Treatment: & Sucrose) ° | (5%Sucroseand4% | pM$228w/IBD (5% | pMS228w/IBD (5% | pMS$228w/IBD (5% | uM $228 w/ IBD (5%
DSS) Sucrose and 4% DSS) Sucrose and 4% DSS) Sucrose and 4% DSS) Sucrose and 4% DSS)
Trial 1
Trial 2
A‘l'flr‘:i?ilél_“ 93.18%=10.11% 51.22%=7.78% 95 68%<2 83% 07 61%=5.76% 98 40%=1 44% 77.67%23.61%

Figure 15: SMURF Assay Intestines Results. Flies were dissected and observed under a microscope. The blue dye intensity was quantified and
the average percentage was calculated for each treatment group. A higher average blue intensity percentage indicates a healthier gut with less

inflammation | Figure made by author using Google Slides
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Figure 16: Average Blue Intensity for Preventative Treatment Comparison Graph. Flies were pre-treated with various dosages of S228 prior to
DSS-induced IBD, to test S228 efficacy as a preventative treatment. Bars represent mean + SD of blue intensity for each treatment group, with
higher values indicating healthier, less inflamed intestines. A One-way ANOVA with Tukey’s post-hoc test was conducted. Asterisks (*) denote
significant differences relative to the negative control w/IBD group; *p<0.05, **p<0.01, and ns = not significant. Statistical analysis was

conducted using RStudio software | Figure made by author using RStudio
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4.4 Therapeutic Efficacy of S228: SMURF Assay

As shown in figure 17, the SMURF assay was also used to test whether S228 could limit intestinal barrier
damage when given after DSS-induced IBD had already developed. Healthy flies on a control diet
retained on average 93.18% blue intensity, while flies on a control diet with DSS-induced IBD retained on
average 51.22% blue intensity, as shown in figure 15. Healthy flies that were treated with S228 after
being exposed to DSS once again retained noticeable higher blue intensity on average. When given a dose
of 0.5 uM of S228, a moderate recovery towards healthy levels was observed, retaining on average
77.67% blue intensity. Looking at figure 15, gut morphology appeared visually more intact under the
microscope with the 0.5 uM dose, compared to the negative control with the IBD group. These results
suggest the potential for S228 to restore the gut barrier integrity, even after inflammatory damage, having
higher average blue intensities then D. melanogaster with IBD and no treatment. However, since
statistical testing provided p-values>0.05, these findings suggest that S228 functions more efficiently as a

preventative treatment than as a therapeutic treatment, although further experimentation is needed.
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60%

50%

40%

30%

Average Blue Intensity (%)

20%

10%

0%

Negative Control Negative Control w/ IBD Therapeutic Treatment:
(5% Sucrose) (5% Sucrose and 4% DSS) 0.5 pM $228 w/ IBD
(5% Sucrose and 4% DSS)

Treatments

Figure 17: Average Blue Intensity for Therapeutic Treatment Comparison Graph. Flies were treated with various dosages of S228 after
DSS-induced IBD, to test S228’s efficacy as a therapeutic treatment. Bars represent mean + SD of blue intensity for each treatment group, with
higher values indicating healthier, less inflamed intestines. A One-way ANOVA with Tukey’s post-hoc test was conducted. Asterisks (*) denote
significant differences relative to the negative control w/IBD group; *p<0.05, **p<0.01, and ns = not significant. Statistical analysis was

conducted using RStudio software | Figure made by author using RStudio

4.4 Toxicity Evaluation of S228: Survival Assay
The survival assay was used to test the lifespan of D. melanogaster with DSS-induced IBD in the

presence of S228, and to determine S228’s toxicity and protective effects when given as a preventative
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and therapeutic treatment. Survival was recorded daily and analyzed using the Kaplan-Meier method with
a log-rank (Mantel-Cox) test, which showed significant difference among treatment groups, with an
overall p-value<0.0001, as shown in figure 18. In the preventative treatment groups, flies that received
low to medium concentrations of S228, from 0.1 uM to 2.5 pM, had survival rates comparable to healthy
control flies, suggesting these doses of S228 were not toxic and may have provided some protective
benefit. However, at the highest concentration of S228, 5.0 pM, flies exhibited a rapid decline in survival,

indicating dose-dependent toxicity.

In the therapeutic treatment groups, flies that received the lowest dose of S228, 0.1 uM, exhibited a rapid
decline in survival, suggesting that a very low dose of S228 may not improve lifespan after DSS-induced
IBD has developed, as shown in figure 18. Flies that received a medium-low dose of S228, 0.5 uM, had
similar survival to DSS-induced IBD control flies, suggesting S228 did not significantly extend lifespan
after DSS-induced IBD had developed. However, these flies did not show significant additional mortality,
suggesting that S228 was well tolerated at a medium-low dose, even after IBD had developed. It is worth
noting that some mortality may have been caused from flies sticking to the glass culture tubes they were
maintained in rather than from physiological toxicity. Overall, these findings suggest that S228 is
non-toxic at low to moderate doses and may even provide protective benefits when administered
preventatively and when given therapeutically, only a medium low dose may extend survival, but will

only moderately recover the gut barrier’s integrity.
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Figure 18: Survival curves for D. melanogaster treated with S228 under preventative and therapeutic treatments. Flies were treated with various
dosages of S228 either before (preventative) or after (therapeutic) DSS-induced IBD, to evaluate S228’s efficacy and potential toxicity. Survival

probability (%) was calculated and analyzed using the Kaplan-Meier method with a log-rank (Mantel-Cox) test. The overall comparison across all

Fillip Fuiidk 18



treatment groups was statistically significant (p<0.0001). Statistical analysis was conducted using RStudio software | Figure made by author using

RStudio

5 Limitations

As always, there are some limitations to this research. Because D. melanogaster lacks a direct CTSC
ortholog, these results cannot definitively confirm that S228 inhibits CTSC. The observed
anti-inflammatory effects may be caused by alternate pathways and mechanisms. Due to the limited
budget for this project, S228 couldn't be tested directly in a CTSC protein assay. Also, due to time and
resource constraints on this project, experiments were conducted with small sample sizes, limiting the
statistical power of the findings. A larger number (n>30) of D. melanogaster is needed to further validate
and reproduce these conclusions. Other sources of variability may include fly handling during dissection,
environmental factors that occurred during fly maintenance, and differences in lighting during image
analysis. Therefore, all of these findings should be considered preliminary. Despite these limitations, the
results provide promising early evidence that S228 is a low-toxicity inhibitor that has preventative and

therapeutic benefits for IBD treatment.

6 Conclusion

This is the first known study that successfully designed, synthesized, and tested a 3,5-dimethoxycinnamic
acid based small molecule inhibitor, S228, for Cathepsin C to treat IBD. Computational modeling
identified S228 as a strong drug candidate due to its high docking score, favorable pharmacokinetic
properties, and low synthesis cost. FTIR and '"H-NMR spectroscopy confirmed S228’s three step
synthesis, expressing all of the expected peaks, and a purified product was achieved. In vivo results in
Drosophila melanogaster demonstrated that S228 effectively preserved the intestinal barrier’s integrity
when under DSS-induced inflammatory conditions, and was well tolerated at low to moderate

concentrations, showing S228’s efficacy and safety in a biological organism.

These findings are significant because they show that modifying the 3,5-dimethoxycinnamic acid scaffold
can yield a compound that has anti-inflammatory activity and good predicted CTSC binding activity for
IBD treatment. This approach could provide a more effective and direct, cost-effective, and orally
deliverable method for treating IBD, compared to traditional cytokine inhibitors. By combining
computational design, chemical synthesis, and biological testing, this project created a framework for

small-molecule drug discovery that is accessible, scalable, and is worthy of further development.
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7 Future Directions

Future research will focus on conducting an in vitro cellular assay using purified human CTSC protein to
validate S228’s inhibitory activity. The optimization of the dose-dependent response of S228 will also be
explored to find the most suitable dose for subsequent studies. To improve targeted biodelivery, the use of
Cellulose acetate phthalate (CAP) will be further developed as a pH sensitive coating for S228. CAP
dissolves at a pH of around 6.0, matching the environment of the duodenum, a primary location for
inflammation in IBD. The goal of this coating would be to protect S228, shielding the drug from damage
or degradation before it reaches the desired therapeutic region. Finally, S228 will be tested in mammalian
models that directly possess a CTSC homolog comparable to a humans, to further validate S228’s efficacy

and toxicity in vivo.
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