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Abstract: An innovative azo mutual prodrug combining procaine and doxycycline intended for colon-specific targeting was successfully
synthesised and characterised. This study presents the synthesis and assessment of a new mutual azo prodrug (dox-proc) including
doxycycline (antibacterial, anti-inflammatory) and procaine (to mitigate hyperactive autonomic nerves and uncontrolled immunological
responses), specifically designed to target ulcerative colitis in the colon. In silico ADME profiling indicated unfavorable physicochemical
properties for intestinal absorption, attributable to the compound’s high molecular weight, hydrophilic log P, and elevated topological
polar surface area (TPSA). Molecular docking studies revealed high binding affinity to azoreductase, with a docking score superior to
that of sulfasalazine, suggesting efficient colonic bioactivation. Dox-proc was synthesized with a good yield (75 %) and purity (m.p:
258-260°C); The structure was validated by FTIR and 'H-NMR spectroscopy. Pharmacokinetic study demonstrated low intestinal
absorption potential (experimental log P = —1.65), dox-proc is high stabile in acidic/basic conditions. Fecal hydrolysis studies verified
efficient enzymatic activation in the presence of azoreductase, with hydrolysis up to 81%. Biological studies show that dox-proc group
had the lowest score (1.2 £ 0.310) in clinical activity score system, this indicated that dox-proc has the highest clinical activity.
Histopathological study confirms a good sign of mucosal healing. These findings align with the in silico predictions and validate the

compound's applicability as a colon-targeted therapy.
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Introduction

The two most prevalent forms of inflammatory bowel disease
(IBD), which leads to persistent inflammation of the
gastrointestinal tract, are ulcerative colitis (UC) and Crohn's
disease. While the precise reason for inflammatory bowel
disease is yet unclear, a prevailing hypothesis attributes its
pathogenesis to an exaggerated host immune response against
antigens derived from dietary components and/or the gut
microbiota [1]. A contributing element has also been identified as
an imbalance in the gut's autonomic nervous system innervation,
with adrenergic dominance possibly causing intestinal mucosal
damage through vasoconstriction and faster epithelium turnover
[2, 3].

Chronic inflammation is recognized as a contributing factor
in the advancement of some cancer forms. including colitis
associated with colon cancer CAC [4], gastric cancer [5], and
liver cancer [6]. Persistent inflammation can lead to the
accumulation of mutations and epigenetic alterations within
tissues, ultimately contributing to the development of
malignancies [7-15]. Particularly in the colon, chronic
inflammation and the resultant tumorigenesis are significantly
influenced by the intestinal microbiota [16]. Studies have shown
that antibiotic-mediated suppression of the microbiota can inhibit
tumor development by reducing colonic inflammation [17-22].
The observed decrease in tumor incidence under germ-free
conditions or following antibiotic treatment highlights the
potentially large impact of targeting the microbiota for cancer
prevention [23, 24]. This protective effect is thought to be

mediated by a reduction in mutation frequency or levels of
aberrant DNA methylation [25].

To mitigate systemic absorption and enhance localized
delivery to the colon, a prodrug approach can be employed [26].
The synthesis of non-absorbable azo compounds, achieved by
increasing hydrophilicity, yields site-specific prodrugs that
undergo hydrolysis primarily within the colon. The colonic
environment, rich in azoreductase enzymes, facilitates the
breakdown of the azo bond, releasing the active drug
constituents directly at the site of inflammation and dysbiosis
[27].

In line with the understanding of the inflammatory and
microbial contributions to UC and CAC, therapeutic strategies
targeting these pathways are of significant interest [28].

Specifically, the conjugation of procaine with doxycycline to
produce a non-absorbable azo prodrug offers a promising
strategy. Within the colon, this prodrug can be hydrolyzed by
azoreductase, releasing both procaine and doxycycline. This
combined delivery has the potential to exert synergistic or
additive therapeutic effects [29].

Procaine and doxycycline are two pharmacologically distinct
agents with established roles in clinical medicine. Procaine is a
local anesthetic of the ester class, commonly used to induce
regional analgesia in minor surgical, dental, and obstetric
procedures. It exerts its effect by blocking sodium channels,
thereby inhibiting nerve signal transmission [30]. Major side
effects of procaine include allergic reactions (due to its ester
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structure), central nervous system stimulation or depression,
and, rarely, cardiovascular complications such as hypotension or
arrhythmia [31]. Although procaine is seldom used systemically,
it has anti-inflammatory  and membrane-stabilizing
characteristics can help attenuate pain and promote mucosal
healing have attracted interest for experimental approaches
targeting inflammatory disorders. Procaine is thought to provide
potential advantages by potentially calming overactive
autonomic nerves and the uncontrolled immunological response
[32].Doxycycline is a broad-spectrum tetracycline antibiotic
widely prescribed for the treatment of bacterial disease [33]. It
inhibits bacterial protein synthesis by attaching to the 30S
ribosomal subunit. its major adverse effects include
gastrointestinal  discomfort, photosensitivity, = esophageal
irritation, and, on rare occasions, hepatotoxicity or
hypersensitivity reactions. Doxycycline can directly target the gut
flora and help to reduce inflammation [34], including inhibition of
metalloproteinases and modulation of neutrophil activity. By
minimizing systemic exposure and related adverse effects,
localized delivery may improve both medications' therapeutic
index and lower the risk of CAC linked to persistent colonic
inflammation [35].

The purpose of this research is to develop, synthesize, and
analyze dox-proc, a new mutual azo prodrug, for the targeted
therapy of ulcerative colitis in the colon. This includes in silico, in
vitro, and in vivo evaluation of the prodrug’s pharmacokinetic
properties, stability, enzymatic activation, and therapeutic efficacy,
with the goal of achieving site-specific drug release and enhanced
healing of colonic tissue by reduce colonic inflammation, restore
microbial balance, and improve outcomes in UC individuals beyond
those achievable with conventional-therapies.

Experimental Procedures
Chemistry
Reagents and Materials

All the solvents and reagents were of the type reagent-
grade.

Instrumentation

Infrared spectra were recorded using the Shimadzu FT.IR.
IR Affinity-1S (in KBr pellets). A melting point device (Stuart
SMP20) was used to measure melting points and UV spectra
were documented using a shimadzu UV/V Spectrophotometer
(UV-1800). Thin layer chromatography of dox-proc compound
was conducted on precoated silica gel 60 F264 plates (Merck)
using the specified solvent system: n -Butanol: Acetic Acid:
Water (4:1:1), using iodine fumes and ultraviolet light for visibility.
The nuclear magnetic resonance (NMR) examinations were
carried out at the facilities of Al Al-bayt University in Jordan using
a Bruker Ultra Shield 300 MHz spectrophotometer.

Chemical synthesis

The azo prodrug was synthesized by dissolving 1.36 g
(0.005 moles) of procaine HCl in 1.2 mL of Conc. HCI (37% w/w),
adjusting the total volume to 10 mL with D.W, and subsequently
adding a dropwise solution of 0.345 g (0.005 mole) of sodium
nitrite in 10 mL of D.W to produce the salt of diazonium at a
temperature below 5 °C.

Add an alkaline solution containing (2.2 g, 0.005 moles) of
doxycycline in 1.2 percent w/v NaOH to the diazonium solution.
The flask's contents were meticulously agitated. A rich orange
coloring was noted; A rotary evaporator was used to evaporated
the solvent followed by an oven drying. The prodrug was purified
by recrystallization from methanol [36,37]. Yield: 75 %; m.p: 258—
260°C
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Scheme (1): Synthesis of dox-proc -azo compound.

COMPUTATIONAL METHODS

ADME procedures

Swiss ADME, a free online tool for assessing ADME
characteristics and small molecules drug-likeness, was
employed to forecast the ADME characteristics and drug like
properties of produced compound. Lipinski's five rules, which
states that chemical that fails to meet more than two of these
standards (polar surface area (PSA) less than 140 A2, molecular
weight less than 500, sum of Hydrogen-bond donors equal or
less than 5, sum of Hydrogen-bond acceptors equal or less than
10, and computed log p fewer than 5) is considered poorly

absorbed or impermeable, This is critical throughout the
drug's preclinical phase of development. [38, 39]. Final ligand is
drawn using ChemBioOffice (v. 22.0.0.22), and the Swiss ADME
tool, which forecasts the pharmacokinetic parameters and
physicochemical descriptors, converts them to SMILE names
[40].

Molecular docking

Molecular docking is extensively employed to explore
potential binding conformations of chemical compounds within a
receptor [41]. This study aimed to investigate the interactions
between the mutual prodrug dox-proc and the active site
residues of the azo reductase enzyme. It also sought to compare
binding affinities and RMSD values between dox-proc and
sulfasalazine, as well as to identify the optimal conformers based
on the highest binding affinities. Molecular docking of the
identified enzyme and dox-proc was performed using Molecular
Operating Environment (MOE) software version 2024.06 [42].
The crystal structure of YhdA-type Azoreductase from Bacillus
velezensis (PDB ID: 7BX9) is illustrated in Figure 1, while the
experimental data, including a resolution of 1.38 A, is presented
in Table 1. This data was obtained from the RCSB database.
(http://www.rcsb.org/pdb).

which is in the bound state with co-crystallized ligand Flavin
mononucleotide (FMN) (Figure 2). The docking procedure has
two stages:

First: Preparing the ligand

Energy minimization and conformational analysis of
molecules (level: ultra) using Chem3D Pro 19.1 software have
been performed on all previously drawn molecular structures of
dox-proc, sulfasalazine and FMN. using the Molecular
Mechanics Force Field (MM+), such as MM2 and MMFF94. Until
the root mean square (RMS) gradient value drops below 0.1
kcal/mol, this procedure is repeated. The ligand is then
protonated in three dimensions in MOE, followed by partial
charge addition, energy minimization, and ultimately results
saving [43].
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Secondly: the preparation of proteins

The crystal structure of the X-ray structure of YhdA-type
azoreductase from Bacillus velezensis (PDB ID: 7BX9) was
prepared using the following steps:

Only the chain sequences involved in the protein action were
selected. The small molecules and superfluous water molecules
were eliminated. Incorporating hydrogen conceals bonds;
subsequently, stabilizes the potential of the protein atoms and
determine its active sites [44]. Ultimately, all previously prepared
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ligands—dox-proc, sulfasalazine—are imported into MOE from
saved data, followed by the docking process with the co-
crystallized ligand FMN for validation of the docking protocol.
Poses exhibiting higher binding affinity, indicated by lower S
scores, and appropriate RMSD values were selected. Table 3
presents the binding affinity, RMSD value, interaction type, bond
distance (A), and bonding energy E (kcal/mol) between the
ligands and the atoms of the involved residues at the active site
of the 7BX9 protein [45].
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H

Figure (1): The X-ray crystallographic structure of Azoreductase derived from Bacillus velezensis (PDB ID: 7BX9).

Figure (2): Molecular structures of co-crystallized ligand (FMN).
Table (1): Information details of Azoreductase enzyme (PDB ID: 7BX9).

Resolution Amino Atom Total Dockin
protein Method acid Structure Organism Co-crystalized ligand RMSD
(A) Count . g Score
number Weight
X-ray 19.64 Bacillus Flavin mononucleotide
7BX 1. 1 1 -6.1 1.52
° diffraction 8 68 /608 kDa amyloliquefaciens (FMN) 6.15 °

In vitro kinetic evaluation

To ensure targeted delivery of the mutual azo prodrug (dox-
proc) to the colon, it is essential to evaluate its absorption profile
in the upper gastrointestinal tract. This can be predicted by
measuring the partition coefficient (log P) of the prodrug [46].
Additionally, stability assessment of the prodrug in simulating
gastric and intestinal fluids determines its resistance to
premature degradation. Finally, colon-specific activation is
confirmed by investigating hydrolysis of the prodrug by bacterial
azoreductase, resulting in the release of active constituents
(doxycycline and procaine) specifically in the colon [47].

Pal. Med. Pharm. J. Vol. XX (X), 202X

Partition Coefficient

The partition coefficients of the synthesized mutual prodrug
dox-proc were determined in n-octanol/phosphate buffer (pH
7.4) at room temperature (25 + 10 °C). Dox-proc, a prodrug, was
individually dissolved in 10 mL of n-octanol and 10 mL of
phosphate buffer [47]. The two solutions were gradually
combined, and the octanol-phosphate buffer mixture was
agitated on a wrist shaker for 48 hours to achieve distribution
equilibrium.  The volumes of each phase were selected to
facilitate the determination of solute concentrations using a UV
spectrophotometer for the calculation of the partition coefficient.
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Solubility in water

The aqueous solubility of dox-proc was determined at room
temperature (25 + 10°C). Excess amount of the dox-proc was
added to D.W in stoppered conical flask then sonication is
conducted finally the mixture was stirred for 24 h. It was ensured
that saturation equilibrium was established. Filtration was done
then Absorbance was determined on UV-spectrophotometer to
be applied on calibration curve of dox-proc [48, 49].

Release study of dox-proc in acidic and basic buffer
and in fecal material

The kinetics of the synthesized prodrug dox-proc were

0 100 conc298/mL 300 400

examined at 37°C in aqueous buffer solutions with pH levels of
1.2 and 7.4. The overall buffer concentration was typically 0.05
M. The reaction was monitored using UV spectroscopy, and the
concentration was determined from the dox-proc calibration
curve (Fig. 3). The decrease in the concentration of the prodrug
was recorded over time. The hydrolysis percentage of dox-proc
in the presence of rat fecal material, which contains the azo
reductase enzyme, was determined using the previous data. The
kinetic studies were conducted in triplicate [50].

Release analysis in 0.05 M phosphate buffer (pH 7.4)
and 0.05 M hydrochloric acid buffer (pH 1.2)

The synthesized prodrug dox-proc (10 mg) was introduced
into 900 mL of HCI buffer contained in a basket and maintained
at a constant temperature of 37 °C. The solution was stirred
intermittently, and 5 mL aliquots were extracted at different time
intervals. When the spectrum of active constituents (doxycycline,
procaine) and prodrug overlapped, it was observed that the dox-
proc did not interfere in the absorption range of active
constituents, as is obvious from the difference in the A max
values of procaine (219 nm), doxycycline (271 nm) and its
prodrug (257 nm).

The aliquots were directly measured using a UV
spectrophotometer at 257 nm to determine the concentration of
the remaining prodrug. The procedure outlined previously was
executed with the substitution of phosphate buffer for the HCI
buffer. The kinetics were assessed through the temporal
reduction in prodrug concentration.

Release test in rat fecal material (pH 7.4)

The dox-proc was dissolved in phosphate buffer at pH 7.4,
resulting in a final concentration of 300 pg/mL. Approximately 1
g of fresh rat fecal material was weighed and distributed into
various test tubes. Each test tube received 1 mL of dox-proc
solution, which was then diluted to a final volume of 5 mL using
phosphate buffer to reach a concentration of 60 ug/mL. The test
tubes were incubated at 37 °C. The concentration of dox-proc
was measured using a double beam UV-spectrophotometer at
257 nm at 15-minute intervals. The concentration of the residual
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prodrug was ascertained using the calibration curve of dox-proc
(Fig. 3).

Figure (3): Calibration curve of dox-proc prodrug.

Animal study

Thirty-six adult male albino-Wister rats, weighed 200-250g
and aged four to six months, were obtained from the animal
shelter of the Iragi Center for Cancer and Medical Genetics
Research. The rodents were confined in cages with wire mesh
bottomed and tops enclosure. For the duration of the
investigations, the rodents are permitted to have unrestricted
access to water and laboratory chow (LabDiet 5001), and the
temperature is maintained at 23 + 1 °C with a 12 h light/dark cycle
[51]. The Animal Ethics Committee of the College of Pharmacy
at Mustansiriyah University has approved the protocol and
procedures outlined below.

Colitis Induction

Acetic acid is utilized to induce ulcerative colitis; a colonic
lesion was created by administering a single intra-colonic dose
of 2 mL of (4% v/v) acetic acid (AA) through a pediatric catheter
(size 6 F) following a 24-hour fasting period [52]. The catheter
was inserted into the rectum to a depth of 8 cm [53]. To prevent
anal leakage, the animals were positioned vertically with their
heads directed downward for a duration of 2-3 minutes. The
control group of rats received identical treatment with an
equivalent volume of normal saline substituting for AA. The rats
were housed for three days with unrestricted access to food and
water, but not subjected to treatment, to facilitate the
development of a complete ulcerative colitis model [54].

Experimental design

The rats were split into six equal groups at random, with six
individuals in each group (n=6).

Group I: Normal Control (apparently healthy): were received
normal saline (2mL) intrarectally with no other treatment.

Group lI: induction (AA) group: served as a colitis induction
group, were received only 4% v/v AA (2mL) intrarectally.

Group llI: dox-proc treatment group, received 4% viv AA
(2mL) intrarectally + dox-proc as a standard therapy (100 mg /kg)
orally once/day for 8 days.

Group IV: SULF treatment group, received 4% v/v AA (2mL)
intrarectally + SULF as a standard therapy (100 mg /kg) orally
once/day for 8 days.

Group V: doxycycline treatment group, were received 4%
viv AA (2mL) intrarectally + doxycycline as a standard therapy
(65 mg /kg) orally once/day for 8 days.

Group VI: procaine treatment group, were received 4% v/v
AA (2mL) intrarectally + procaine as a standard therapy (35 mg
/kg) by oral once per day for 8 days [55].

For eight days, dox-proc was given orally by gavage. Rats
were put to death on day 8 of the experiment by breathing too
much diethyl ether following a 24-hour fast. The abdomen was
then promptly dissected and opened, and the colon was
extracted [51,56.57].

Assessment of colitis treatment
Clinical activity scoring system

All rats' colitis activities were measured using a clinical
activity score measuring weight loss, stool consistency, and
rectal bleeding over 12 days. Clinical activity score was
calculated by averaging the aforementioned three criteria for
each day, for each group, and ranging from 0 (healthy) to 4
(maximal colitis activity).
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Histological evaluation

Colon samples were washed with cold saline. Colon
samples were somewhat extended. After fixing the colon
samples in 10% formaldehyde, gradient ethanol dehydration,
paraffin embedding, and sectioning followed. Next, 5-um slices
were put on slides, followed by cleaning, hydration, and H&E
staining.  Specialized pathologists screened and assessed
without seeing or knowing the groups. Every specimen of tissue
on a slide was examined using a 100X light microscope. Each
tiny region was scored. Damage features were examined which,
including sub-mucosal oedema, damage/necrosis, vasculitis,
inflammatory cell infiltration, perforation, complete crypt loss,
and intestinal damage [52].

Results And Discussions
FT-IR results

FT-IR ((KBr)), vmax (cm-1): 3600-3100 cm-1 v (O-H & N-H
broad), 1708 cm-1 v (C=0, ester), 1643 cm-1 v (C=0, ketone &
amide), 1598 cm-1 v (C=C ), 1448cm-1 v (N=N, azo), 1386cm-1
v (C-N).

ElsHmMaDzU

Smootnyg

4000 a0 300 WO 300 2950 200 250 200 170 100 1250 1000 750
azo em

Csers¥Shimadeu¥DesklogVRAFID MFAZO-11 ispd

Figure (4): FT-IR spectrum for Azo Prodrug of dox-proc.
1H-NMR results

1H NMR (300 MHz, DMSO-d6) 5 =7.81 (d, J = 13.6 Hz, 1H),
7.73 (d, J = 7.0 Hz, 3H), 7.34 (s, 1H), 7.30 (s, 1H), 7.09 (d, J =
13.6 Hz, 2H), 6.70 (d, J = 12.8 Hz, 1H), 4.15 (s, 1H), 3.71 (s, 2H),
3.14 (s, 4H), 2.92 (s, TH), 2.88 (s, 3H), 1.29 — 1.24 (m, 6H), 0.87
—0.80 (m, 1H).

wE

Figure (5): '"H-NMR spectrum for Azo Prodrug of dox- proc.
Molecular docking results

All designed dox-proc and sulfasalazine were docked using
Molecular Operating Environment (MOE) 2024.06 with the
identified active site (56 residues) (Table 2) of 7BX9 protein
along with FMN (co-crystallized ligand) for validation of the
docking protocol.

(Table 3) presents the binding affinities (S scores) and
RMSD values, alongside the types of interactions (Hydrogen-
bonds, hydrophobic, metal coordination), bond distances (A),
and bonding energies (E in kcal/mol) between the atoms of all
ligands and the atoms of the relevant residues within the
identified active site of the (7BX9) receptor. Subsequently, the
comparative performance was assessed against sulfasalazine
(SULF). Examining binding affinities (S scores), interaction
profiles, and structural stability (RMSD).

Table (2): Binding site residues of the X-ray structure of Bacillus velezensis azoreductase enz. (PDB ID: 7BX9).

Receptor Size Residues
7BX9 56 1:(THR9 ARG11 ASN13 GLY14 ARG15 THR16 PRO72 GLU73 TYR74 HIS75 SER76 ALA104 ALA105 GLY 106
GLY110 GLY111 LEU136 ASP137 PRO138 MET143)
Table (3): docking results of ligands with the active site of azoreductase (7BX9).
Active site Bonds between atoms of ligands and residues of the active site of 7BX9.
Involved Involved bond
Compound S score RMSD Atom of receptor receptor _ Type of Distance E (kcal/mol
(kcal/mol) (A) compound atoms residues interaction (A)
N3 4 OE1 GLU 73 (A) H-donor 3.05 -4.1
02 3 N GLY 106 (A) H-acceptor 3.12 -3.5
02 3 o HOH 329 (A) H-acceptor 2.90 -1.2
o4 7 N SER 76 (A) H-acceptor 3.24 -1.3
o4 7 o HOH 358 (A) H-acceptor 291 -1.4
N5 9 N HIS 75 (A) H-acceptor 3.10 -1.9
02' 33 NH2 ARG 11 (A) H-acceptor 3.16 -1.8
02' 33 o HOH 436 (A) H-acceptor 3.02 -0.6
Co-crystalized 04' 41 NH1 ARG 15 (A) H-acceptor 3.21 -0.6
ligand (FMN) -11.239 1623034 05 46 NF2 ARG 11 (A) | H-acceptor 314 a7
O3P 48 N THR 16 (A) H-acceptor 2.91 -7.2
O3P 48 0OG1 THR 16 (A) H-acceptor 2.80 -4.0
O2P 49 OG1 THR 9 (A) H-acceptor 2.84 -3.9
O2P 49 NE ARG 11 (A) H-acceptor 3.28 -4.4
O2P 49 NH2 ARG 11 (A) H-acceptor 3.28 -3.5
O2P 49 OH TYR 74 (A) H-acceptor 2.73 -4.7
O1P 50 CA GLY 14 (A) H-acceptor 3.05 -0.7
O1P 50 N ARG 15 (A) H-acceptor 3.29 -3.1
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Active site Bonds between atoms of ligands and residues of the active site of 7BX9.
Involved Involved bond
Compound (ksczlcl:;rzl) R'(V'AS)D c:r:ﬁ:?)::d receptor receptor inrgr’:ztci)(f)n Distance E (kcal/mol

atoms residues (A)

O1P 50 o HOH 353 (A) H-acceptor 2.69 -3.5

O2P 49 NE ARG 11 (A) lonic 3.28 -2.9

O2P 49 NH2 ARG 11 (A) lonic 3.28 -2.9

O1P 50 NE ARG 11 (A) lonic 3.41 -2.3

O1P 50 NH2 ARG 11 (A) lonic 2.99 -4.5

cé 11 5-ring HIS 75 (A) H-pi 3.76 -0.6
6-ring 6-ring TYR 74 (A) pi-pi 4.37

N 8 N HIS 75 (A) H-acceptor 3.01 -0.5

o M1 N SER 76 (A) H-acceptor 3.46 -1.0

o N o HOH 358 (A) H-acceptor 3.01 -1.5

o 27 CA GLY 14 (A) H-acceptor 3.32 -0.5

o 27 N ARG 15 (A) H-acceptor 2.82 -3.2

o 27 o HOH 353 (A) H-acceptor 2.68 -0.7

o 29 0G1 THR 9 (A) H-acceptor 2.87 -2.9

SULF -8.41389 1.822368 O 29 NE ARG 11 (A) H-acceptor 3.19 -3.3

o 29 NH2 ARG 11 (A) H-acceptor 3.07 -6.6

O 29 OH TYR 74 (A) H-acceptor 3.03 -3.3

O 30 N THR 16 (A) H-acceptor 2.95 -6.8

O 30 0G1 THR 16 (A) H-acceptor 2.86 -1.9

O 29 NE ARG 11 (A) lonic 3.19 -3.3

O 29 NH2 ARG 11 (A) lonic 3.07 -4.0

6-ring CA TYR 74 (A) pi-H 3.78 -0.7

O 45 o HOH 455 (A) H-donor 2.95 -1.9

O 47 o GLU 73 (A) H-donor 2.67 -1.4

O 38 o HOH 329 (A) H-acceptor 3.07 -0.8

O 40 o HOH 436 (A) H-acceptor 2.69 -0.8

dox-proc 75127 1426411 O 44 O HOH 498 (A) H-acceptor 2.79 -2.5

O 49 N HIS 75 (A) H-acceptor 3.12 -3.8

O 49 O HOH 459 (A) H-acceptor 2.93 -0.7

O 45 o HOH 455 (A) H-donor 2.95 -1.9

(A)FMN

v Gly106

Gly110
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Figure (6): 3D (right) and 2D (left) visualization of the interactions between (A) FMN (B) SULF (C) dox-proc and the active site of the (7BX8) azoreductase

enzyme.
Results of ADME Studies
Final manufactured substance pharmacokinetic

characteristics: absorption, distribution, metabolism, excretion
were assessed. A very helpful descriptor for estimating some
ADME features, particularly the drug absorption, is topological
polar surface area (TPSA), which was measured [58]. Therefore,
it is believed that ligands with a TPSA >140 A° have poor gastric
permeation. Dox-proc result indicated that values of TPSA above
140, which is (235.88) so is typically associated with very low
intestinal absorption because highly polar molecules struggle to
cross the non-polar cell membranes of the small intestine. The
most direct indicator, Gl absorption, is listed as 'Low'. This is the
primary parameter for assessing intestinal absorption and it
Table (4): ADME properties summary of dox-proc prodrug.

directly confirms your design goal. Dox-proc has 3 violations of
Lipinski's rule. (high molecular weight 676, Hydrogen-bond
acceptor 14, Hydrogen-bond donor 6, TPSA >> 140 A2) In which
this important rule is a key principle designed for evaluating a
drug's oral bioavailability. Having more than one violation is a
strong indicator of poor oral absorption. The data shows the
compound is a 'No' for BBB permeant, indicating it has poor
ability to cross biological membranes as we see in table (4),
which further supports the finding of low overall absorption. In
summary, the combined results from the Gl absorption, Lipinski's
Rule of 5 violations, and TPSA all corroborate our design goal of
creating a prodrug that is not absorbed by the small intestine
[59].

Compound Formula M.Wt H-bond H-bond TPSA Gl Abs. BBB Lipiniski
(g/mol) acceptors donors permeant violations
Dox-proc Cas5H41NsO10 691.73 14 6 235.88 A2 Low No 3

Results of kinetic study

The water solubility of dox-proc was determined to be 0.45
g/mL. The log P value was determined to be -1.65, significantly

Pal. Med. Pharm. J. Vol. XX (X), 202X

lower than that of procaine (log P: 1.1) and doxycycline (log P:
0.02). The outcome of the aqueous solubility assessment of
dox-proc aligns with the observed log P value. The higher
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aqueous solubility of dox-proc would ensure that without getting
absorbed in the upper GIT, it would pass intact into colon to
deliver its active constituents there (through hydrolysis of
prodrug by azoreductase enzyme). The kinetics of dox-proc in a
0.05 M hydrochloric acid buffer (pH 1.2) demonstrated a
negligible release of procaine or doxycycline was noted, while in
phosphate buffer (pH 7.4), a release of only 17% was observed
over a duration of 6 hours.

The objective of bypassing the upper gastrointestinal tract
without any free drug release was successfully achieved. The
kinetics were further investigated in rat fecal material to validate
the colonic reduction of the azo prodrug dox-proc. The release
exhibited first-order kinetics, characterized by a t'z value of 95
minutes. During a duration of 6 hours, 81% of dox-proc prodrug
is hydrolyzed, releasing doxycycline and procaine to the colon.
The percentage of the hydrolyzed prodrug was calculated from
above data and is depicted in Fig. 7.

DOX-PROC
HYDROLYSIS %

dox-proc hydrolysis %

100
50

0 100 200 300 400
TIME (MIN)

HYDROLYSIS %
o

Figure (7): Hydrolysis of dox-proc prodrug in rat fecal material.
Biological results
Clinical activity score

Following the induction of colitis, the clinical activity score
exhibited a rapid and consistent increase across all AA-treated
groups over the subsequent three days (Fig. 8). Following a
delay of 2 to 3 days, all groups receiving the treatments exhibited
a differential reduction in inflammation severity. Following day 6,
a notable disparity was observed between the groups receiving
the treatments and the AA group. On the 12th day, the group
receiving dox-proc exhibited the lowest score (1.2 £ 0.310), while
the SULF group (1.4 % 0.388), suggesting that dox-proc
demonstrates the highest clinical activity. And when comparing
these finding with result of doxycycline group (2.4 + 0.410) and
procaine group (2.4 + 0.21) indicated that dox-proc prodrug
enhanced the efficacy of doxycycline and procaine, and the
effect was dose dependent.

Pal. Med. Pharm. J. Vol. XX (X), 202X
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Figure (8): Clinical activity score during the whole experimental period.
Statistical analysis

The data were presented as mean + standard error. The p-
value was calculated as 0.05. The differences among groups
were evaluated through one-way analysis of variance (ANOVA)
and Tukey’s post hoc test (SAS Institute: SAS 2002, User's
Guide: Statistics). A p-value below 0.05 was considered
significant in the results.

Histological evaluation

The severity of inflammation can be assessed through the
direct detection of histological damage. The health control group
exhibited normal mucosa, connective tissue, and muscularis
(Fig. 9). Histopathological features in the AA group exhibited
severe colitis, characterized by the absence of epithelial cells
and significant mucosal/submucosal infiltration of inflammatory
cells (Fig. 10). The dox-proc and SULF groups exhibited positive
healing indicators, with the dox-proc group demonstrating
superior corrected colon morphology compared to the SULF
group (Fig. 11 and Fig. 12). Both doxycycline and procaine
groups presented moderate mucosal abscess and inflammatory
infiltrate, indicative of mild colitis, as illustrated in (Fig. 13 and
Fig. 14). The results further confirmed that dox-proc exhibited
an enhanced therapeutic effect in the treatment of colitis.

Group | (Control)

The histopathological figures of the mucosa of colon showed
normal epithelial mucosa, normal cellular lamina propria, simple
tubular mucous glands and normal submucosa (Fig.9).

Group Il (AA)

The histopathological figures revealed severe reactive
chronic colitis that characterized by inflammation with congestion
of mucosa the inflammatory infiltrates comprised mainly of
plasma cells, lymphocytes and macrophages while the
submucosa showed marked aggregation with proliferation of
lymphocytes, absence of granulomatous lesions and absence of
ulcers (Fig.10).

Group lll (dox-proc)

The Figures of colon showed little patch of marked
hypoplasia of tubular glands with marked reduce secretion and
atrophy, little fibroplasia of lamina propria fibrous tissue with
marked dilation of other glands with atrophy of lining cells. The
surfaces of colon lining cells showed mucoid degeneration,
mucosa of colon showed normal appearance with lining cells of
tubular gland and normal secretory activities (Fig.11).

Group IV (SULF)
The figures of colon showed marked hypoplasia of tubular
glands with marked reduce secretion and atrophy, insignificant
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fibroplasia of lamina propria fibrous tissue with noticeable
dilation of other glands with atrophy of lining cells. The surfaces
lining cells of colon lining cells showed mucoid degeneration.
other figures of mucosa of colon showed normal appearance
with lining cells of tubular gland and normal secretory activities
(Fig. 12).
Group V (doxycycline)

The histopathological Figures of the colon revealed mild
colitis that are characterized by mild necrosis with sloughing of
epithelial mucosa, mild cellulitis of lamina propria, degeneration

with necrosis and little atrophy of mucous glands. The
submucosa showed mild infiltration of leukocytes (Fig. 13).

Group VI (procaine)

Show mild colitis in which mild necrosis with sloughing of
epithelial mucosa, acute cellulitis of lamina propria, degeneration
with necrosis and atrophy of mucous glands (Fig. 14).

Figure (9): The colon segment (control) exhibits normal epithelial mucosa
(black arrows), intact cellular lamina propria (red arrows), simple tubular
mucous glands (g) and normal submucosa (S). Hematoxylin and Eosin,
100x magnification.

—

Figure (10): The colon segment (AA) group (severe colitis) exhibits
pronounced necrosis accompanied by sloughing of the epithelial mucosa
(black arrows), severe cellulitis in the lamina propria (red arrows),
degeneration with necrosis and atrophy of mucous glands (g), and
significant aggregation of leukocytes inside the submucosa (asterisks).
Hematoxylin and Eosin, 100x magnification.

Pal. Med. Pharm. J. Vol. XX (X), 202X

Figure (11): section of colon mucosa (dox-proc) group shows marked
hypoplasia of tubular glands with marked reduce secretion and atrophy
(Black arrows) little fibroplasia of propria fibrous tissue (Red arrows) with
marked dilation of other glands with atrophy of lining cells (d). Hematoxylin
and Eosin, 40x magnification.

Figure (12): section of colon mucosa (SULF) shows deepest layer of
glands showed hyperplasia (Black arrows) with dilation of other glands
with atrophy of lining cells (d). Hematoxylin and Eosin, 100x magnification.

Figure (13): The colon segment (doxycycline) group (mild colitis) exhibits
minor necrosis accompanied by sloughing of the epithelial mucosa (black
arrows), slight cellulitis in the lamina propria (red arrows), degeneration
with necrosis and atrophy of mucous glands (g), and mild leukocyte
infiltration inside the submucosa (S). Hematoxylin and Eosin, 100x
magnification.

Figure (14): The colon segment (procaine) group (mild colitis) exhibits
minor degeneration accompanied by necrosis and sloughing of the
epithelial mucosa (black arrows), slight cellulitis of the lamina propria (red
arrows), and degeneration with necrosis and atrophy of the mucous
glands (g). Hematoxylin and Eosin, 400x magpnification.

Discussion

The results of our integrated study underline the successful
design and synthesis of a colon-targeted mutual prodrug of
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doxycycline and procaine. In silico ADME evaluations predicted
poor intestinal absorption due to increased molecular weight,
pronounced hydrophilicity (log P < 0), and a high TPSA (235.88
A2), all critical parameters that reduce passive uptake across the
intestinal epithelium. These characteristics ensure minimal
systemic absorption and favor delivery to the colon.
Computational molecular docking to the azoreductase enzyme
exhibited a good binding affinity compared to sulfasalazine, the
clinical standard for colonic prodrug activation.

Experimental studies corroborated these predictions: the
compound’s logP equal to (-1.65), confirmed its hydrophilic
nature, and stability assays established a low rate of degradation
in gastric (acidic) conditions, safeguarding the prodrug during
gastrointestinal transit. Stability in basic media was also
satisfactory, supporting its integrity prior to colonic activation.

The bioactivation potential was demonstrated by fecal
hydrolysis in vitro, revealing that the prodrug undergoes efficient
cleavage (81%) in the presence of bacterial azoreductase
enzyme a crucial step for therapeutic effect in ulcerative colitis.
In vivo, treated rats exhibited significant symptom improvement
as assessed by clinical activity scoring and histopathological
analysis, which revealed substantial mucosal regeneration and
reduction of inflammatory signs.

Taken together, these multidimensional results validate the
mutual prodrug design, in silico strategy, and biological efficacy
for colonic drug delivery. The observed harmony between
computational prediction, chemical characterization, and in vivo
therapeutic response supports further development toward
clinical application.

Future Work

To advance the scope and impact of this promising prodrug,
future research should address the following:

— Molecular Mechanism Studies: Examine  anti-
inflammatory pathways and molecular markers, such as
interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-a),
and others. To elucidate the pharmacodynamic
mechanisms.

— Antioxidant and Anticancer Assessment: Evaluate
antioxidant capacity and anticancer properties to expand
potential indications.

— Comprehensive Pharmacokinetics: Include in vivo
absorption, metabolism, and elimination studies to confirm
colon-selectivity and systemic safety.

— Formulation Optimization: Develop oral delivery systems,
such as coated tablets or capsules, to maximize colonic
targeting and patient compliance.

— Comparative Efficacy: Benchmark therapeutic effects
against established treatments (e.g., sulfasalazine,
mesalazine) in larger animal cohorts or diverse models of
colitis.

These steps will strengthen the evidence base, clarify the
mechanisms of action, and support eventual translation into
clinical trials.

Conclusion

This study addressed the need for targeted ulcerative colitis
therapy by designing a colon-specific mutual prodrug of
doxycycline and procaine. Key findings showed that unfavorable
intestinal absorption properties (high molecular weight, low
log P, and high TPSA) and high enzymatic hydrolysis by colonic
azoreductase achieved effective site-specific activation, leading
to significant clinical and histological improvements in treated
rats. The combined use of in-silico and experimental approaches

Pal. Med. Pharm. J. Vol. XX (X), 202X

validated the prodrug’s stability and selectivity for colonic
delivery.

In conclusion, this mutual prodrug strategy offers a
promising platform for targeted ulcerative colitis therapy and
warrants further mechanistic and translational study.
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