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1. Introduction and Scope

Biochemistry, or the chemistry of life, is an interdisciplinary science that uses strategies
and methods from all exact and natural sciences. In that sense, Biochemistry is a discipline
known to be challenging for students, typically due to the extent and complexity of the
content [1]. However, in the last 10 years, at least fifteen Nobel Prizes in Chemistry, Physiol-
ogy and Medicine have been awarded in the field and/or for applications of Biochemistry,
which reflects the importance of this area of knowledge in contemporary societies [2-7].
Biochemistry connects essential metal ions such as Mg2+, Ca?*, Na* and Fe?*, and organic
compounds, such as nucleic acids, sugars, lipids and proteins, to make biological systems
possible, representing a unique platform for interdisciplinary collaborations in teaching
and in research [8,9]. Moreover, in addition to biomolecules (proteins, nucleic acids, sugars
and lipids), small molecules are necessary for cellular homeostasis, for example, carbonate
ions and phosphate ions, responsible for stabilizing physiological pH (close to 7.0) or
antioxidants that prevent the effects of cellular stress, as well as due to environmental
pollutants, such as metals and /or microplastics [10-12].

Biochemistry, as it is an interdisciplinary science, is very dynamic, and its boundaries
are very hard to define not only because they are constantly changing but also because they
are dependent on the specificities of each time period and scientific environments. Never-
theless understanding life on earth and human health are everlasting topics in biochemistry.
Thus, this Special Issue titled “Feature Papers in BioChem” is expected to showcase interdis-
ciplinary research in the diverse and interconnected fields of molecular biology, cell biology,
structural biology, nucleic acid biology, chemical biology, synthetic biology, disease biology,
biophysics, metallomics (or inorganic biochemistry) and theoretical biochemistry.

This Special Issue included six articles and four reviews. Among the articles, a wide
range of topics were addressed, including our understanding of otolith proteomics in At-
lantic cod [13], juvenile idiopathic arthritis” impact on long-term fertility due to prolonged
exposure to immunosuppressive therapies [14], the role of tricyclic isoquinoline deriva-
tives as antibacterial agents [15], the production of aromatic compounds in Pseudomonas
putida [16], hydrogels made with Tilapia fish skin to increase collagen production [17],
and the use of N-Myristoyltransferase inhibitors (NMTi) as a novel antiviral strategy
against mammarenaviruses [18]. Additionally, the four reviews papers described the role
of oxidative stress in the pathogenesis of the most common gastrointestinal diseases [19],
the biotechnological production of vanillin [20], non-steroidal anti-inflammatory drugs’
(NSAIDs) effects in the elderly population [21] and the biochemical mechanisms and ap-
plications of multiple cysteine-based protein ligases [22]. In fact, these ten contributions
represent very good examples of the wide range of biochemistry boundaries identified
in the 21 century. So far (4 June 2025), these 10 contributions have gathered 5 citations
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and 16,576 views, indicating an average of 1658 views per publication. Note that all these
contributions have been published after June 2024, with six published in 2025 alone.

2. Contributions

The first paper published in the present Special Issue (SI) is entitled “Proteomic
Blueprint of Atlantic Cod (Gadus morhua) Otoliths Revealing Environmental Stress In-
sights through Label-Free Quantitative Shotgun Proteomics” [13]. The study states that
most identified proteins deposited daily and influenced by the environment are not im-
plicated in the biomineralization of otolith [13]. It highlights the potential for the otolith
proteome to recreate details of fish life history at previously unrealized levels. This contribu-
tion from Professor Banoub and collaborators is a very good example of how the boundaries
of biochemistry can be promoted and interact simultaneously through the work of very
different departments/faculties and research institutes in Canada, namely, for biochemistry,
the Fisheries Centre and, for medicine, the Institute of Research in Cancer and Chemistry.
Professor Banoub’s research group and its collaborators also carried out research about the
environmental impact of bioplastic use [23]. The second paper published in the present
Special Issue is entitled “Anti-Miillerian Hormone Serum Levels as Biomarker of Ovar-
ian Reserve in Adult Women with Juvenile Idiopathic Arthritis Treated with csDMARDs
and/or bDMARDs: A Pilot Study” [14], conducted by the research group of Professor
Elisa Gremese from the Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome,
Italy. Professor Gremese was also involved in “The Gemelli Against COVID-19 Post-Acute
Care Study Group” project, which described the importance of using an interdisciplinary
approach coordinated by a geriatrician to manage the potential post-acute care needs of re-
covered COVID-19 patients [24]. Herein, it was suggested that ovarian reserve, as assessed
by anti-Miillerian hormone serum levels, appears to be comparable between those with
juvenile idiopathic arthritis and age-matched controls and does not appear to be influenced
by disease characteristics or prior/concomitant exposure to immunosuppressive drugs.

The third review paper published in the present Special Issue is entitled “Synthe-
sis and Investigation of Tricyclic Isoquinoline Derivatives as Antibacterial Agents” [15],
conducted by the research group of Professor Andrew McDonagh from the University of
Technology Sydney, Australia. In this paper, a series of six isoquinoline-based compounds
were synthesized for developing broad-spectrum antibacterial compounds. The authors
pointed out that although the compounds presented antibacterial properties, their cytotoxic
properties against mammalian cell lines revealed some cytotoxic effects, suggesting limita-
tions in their antibacterial applications without further development. Professor Andrew
McDonagh's recent research interests have included studies of coumarin compounds for
use as Chlamydial protease inhibitors and anti-chlamydial agents [25]. From Professor
Caroline Ranquet of BGene Genetics, Grenoble, France, we received the publication en-
titled “Overproduction of Phenolic Compounds in Pseudomonas putida KT2440 Through
Endogen Deregulation of the Shikimate Pathway” [16]. The introduction of specific en-
gineered enzymes into a metabolically engineered Pseudomonas putida strain resulted in
significantly increased production of p-coumaric acid. Recent collaborations involving Car-
oline Ranquet included research about the Fis family members that synergistically control
the virulence of Legionella pneumophila [26]. Herein, through computational modeling and
experimental validation, the authors identified specific amino-acid residues responsible for
tyrosine-mediated feedback inhibition. By using targeted mutagenesis, the introduction
of engineered 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAHP synthase)
variants reduced the sensitivity to feedback inhibition [16].

Burns are the most common type of injury in everyday life, and wound healing
presents several challenges and concerns in medicine. The studies from the research group
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of Professor Ozge Cevik, School of Medicine, Aydin Adnan Menderes University, Turkey,
about hydrogels made with Tilapia fish (TL, Oreochromis niloticus) skin show an increase
in collagen production in burn treatment [17]. TL or TL-alginate hydrogels (AGTL) were
applied to a burn wound created in Sprague-Dawley rats for 7 and 14 days, and the
levels of hydroxyproline, a critical element in tissue reorganization, along with the gene
expression levels of COL1A1, COL3A1, MMP-2 and MMP-9 and the protein expression
levels of the matrix metalloproteinases (MMPs) MMP-2 and MMP-9, were evaluated. It was
suggested that biological substances in the TL structure, in conjunction with alginate, were
effective in the healing and reorganization of the wound tissue [20]. From the same group,
studies on the anticarcinogenic properties of green-synthesized zinc oxide nanoparticles
(ZnONPs) synthesized employing fresh Citrus aurantium aqueous extract on human breast
cancer cells (MDA-MB-231) were described [27].

The sixth paper contributed by Professor Juan de la Torre, The Scripps Research
Institute, La Jolla, USA, proposed a model of the effect of the NMT inhibitor on mam-
marenavirus cell entry and budding. NMT isozymes facilitate the addition of myristic
acid to the glycines of stable signal peptides (SSPs) and Z proteins, protecting them from
proteasome-mediated degradation. The viral glycoprotein precursor (GPC) is co- and
post-translationally processed to produce a stable signal peptide (SSP), and the mature GP1
and GP2 subunits, together with the SSP, form the spikes that decorate the virus surface and
mediate cell entry via receptor-mediated endocytosis. Myristoylated SSP interacts with GP2
to facilitate the fusion event in the late endosome required to complete the virus cell entry
process, whereas myristoylated Z directs the virus assembly and budding process. The inhi-
bition of SSP and Z myristoylation by NMT inhibitors results in the proteasome-mediated
degradation of SSP and Z, which results in the inhibition of virus multiplication [18]. From
the same authors, studies about repurposing drugs for synergistic combination therapies
to counteract monkeypox virus tecovirimat resistance have been submitted [28].

The eighth contribution was a review article titled “Oxidative Stress-Induced Gastroin-
testinal Diseases: Biology and Nanomedicines—A Review” [19] from Dra Maryam Rezvani,
the University of Cagliari, Italy. In this review, it was revealed that although oxidative stress
in each part of the digestive system manifests itself in a specific way, all these diseases arise
from the imbalance between the generation of the reactive intermediates (especially reactive
oxygen species) and the antioxidant defense system. It was further pointed out that the
annual incidence and mortality statistics of gastrointestinal diseases worldwide emphasize
an urgent need to find an effective and non-invasive treatment method to overcome these
life-threatening problems. Another review paper entitled “Biotechnological Advances in
Vanillin Production: From Natural Vanilla to Metabolic Engineering Platforms” [20] was
conducted by the research group of Professor Isabel Desgagne-Penix, Université du Québec
a Trois-Riviéeres, Canada. The review highlights the significance of vanillin in various
markets, its diverse applications and the current state of bio-engineered production using
both prokaryotic and eukaryotic biological systems. The authors aim was to provide a
current and innovative overview of vanillin bioengineering across various host systems,
with special consideration given to microalgae. Altogether, the use of these systems to
support the biotechnological production of vanillin, while leveraging the photosynthetic ca-
pabilities of microalgae to capture CO; and convert it into biomass, can significantly reduce
the overall carbon footprint [20]. A recent study from Professor Isabel Desgagne-Penix’s
research group discusses the potential of norbelladine derivatives for use in Alzheimer’s
disease research and for future pharmaceutical developments in the field [29].

Professor Hugo Ribeiro, the Faculty of Medicine, the University of Porto, Portugal,
as well as several Health Units, submitted a systematic review entitled “Appropriate
Prescription of Non-Steroidal Anti-Inflammatory Drugs in Geriatric Patients—A Systematic
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Review” [21]. This study aimed to evaluate the cardiovascular, gastrointestinal and renal
safety profiles of ibuprofen, naproxen, acemetacin, diclofenac, celecoxib and etoricoxib in
elderly patients. From the 2086 articles identified, twenty studies analyzed cardiovascular
(CV) safety, fourteen analyzed gastrointestinal (GI) safety, and four analyzed renal safety.
When CV risk is the main concern, celecoxib or naproxen are a good first choice. In high-
Gl-risk groups, the combination of proton pump inhibitor (PPI) with naproxen or celecoxib
use is recommended. When renal function is the focus, celecoxib remains the first line of
therapy. Diclofenac use in elderly populations should be avoided. Celecoxib is a good
choice for elderly patients for whom it is difficult to direct pain treatment based on a single
known risk factor [21].

Last but not the least, from the Purdue University, USA, we received a review paper
describing protein ligases as nature’s gift to the field of protein synthesis and engineering.
The generation of active proteins via recombinant expression or chemical total synthesis
has limitations in terms of yield and functionality. However, nature has provided a solution
to this problem through evolving protein ligases that catalyze the formation of amide bonds
between peptides/proteins, which can be exploited by protein engineers to develop robust
functional proteins [22]. Several biochemical mechanisms and applications of multiple
cysteine-based protein ligases have been identified, such as sortase A, an transpeptidase
enzyme; butelase-1, an asparaginyl endopeptidase; OaAEP1, similar to butelase-1; trans-
glutaminase 2, a member of the transglutaminase protein family; E3 ligases; and inteins,
believed to act as self-catalyzing enzymes able to undergo cis- or trans-splicing. When
comparing the mechanism of intein splicing with that of native chemical ligation (NCL),
the authors found many similarities, which suggest that nature inspired the design of this
chemical ligation [22]. From the same research group, led by Professor Qingfei Zheng, a
study about transglutaminase 2-mediated histone monoaminylation and its role in cancer
was received [30].

3. Biochemistry Insights Across Diverse Scientific Fields

In this Special Issue, a total of 50 authors from 8 countries (France, Australia, Canada,
Italy, Iran, Turkey, Portugal, and the USA) were involved, with the large majority being
young researchers, thus pointing out the presence of a new generation of scientists in
several biochemistry fields. Altogether, this Special Issue reflects, in the 21 century, the
existence of distinct and emergent biochemical contributions crossing several biochemical
boundaries and applications.

Overall, five interdisciplinary aspects of biochemistry insights can be highlighted in
this Special Issue (Figure 1):

1.  The Cod Otolith Study [13] and Anti-Miillerian Hormone (AMH) Research [14] both
use proteins as biomarkers. The otolith proteome reflects environmental stress and
life history, while AMH serves as a biomarker for ovarian reserve. These studies
highlight biochemistry’s role in translating molecular signatures (proteins/hormones)
into diagnostic or ecological insights. The benefits of further making use of natural
biomaterials are best illustrated by the fact that hydrogels made with Tilapia fish can
be used to treat burn wounds [17].

2. Pseudomonas putida phenolic overproduction [16] and vanillin bioengineering [20]
focus on manipulating metabolic pathways. Both use enzyme engineering to optimize
yields of high-value compounds (p-coumaric acid, vanillin). These studies exemplify
biochemistry’s role in sustainable bioproduction.

3. The Isoquinoline Antibacterial [15] and Non-Steroidal Anti-Inflammatory Drugs
Safety [21] Reviews address the biochemical challenge of balancing efficacy and safety.
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In the study of burn wound treatment [17], natural biomaterials could safe sources
of hydrogels.

Oxidative Stress in Gastrointestinal Diseases [19] and Phenolic Compound Produc-
tion [16] intersect through reactive oxygen species (ROS) and antioxidants. Phenolics
(like p-coumaric acid) are natural antioxidants, suggesting potential applications
in mitigating oxidative stress-related gastrointestinal diseases. This finding aligns
with the review’s call for non-invasive treatments, possibly via nanomedicine or
engineered antioxidants.

DAHP Synthase Engineering [16] conducts enzyme modulation by reducing feedback
inhibition to boost phenolic synthesis. These studies highlight biochemistry’s role in
enzyme kinetics and inhibitor design for industrial / therapeutic applications (Figure 1).
Related to the inhibitor design, the inhibitor of NMT isozymes, which is required for
the myristoylation of SSP, can stop virus multiplication [18]. Biochemistry reveals
nature’s mechanism and helps us to learn from nature to improve protein engineering,
such as by using cysteine-based protein ligases and intein splicing [22].

Feature

Papers in
BioChem

Figure 1. Feature papers in BioChem: Topics related to biochemistry boundaries.

This collection of Special Issue papers collectively illustrate biochemistry’s central

role in addressing global challenges—environmental monitoring, sustainable production,

drug development and health diagnostics (Figure 1). The papers emphasize the interplay

between molecular mechanisms, translational applications and interdisciplinary collabora-

tion, showcasing biochemistry as a dynamic field at the boundary between life sciences,

medicine and sustainability. Allegorically, biochemistry represents a key cog in the “clock

of the knowledge”, dynamically joining several scientific fields, such as chemistry, biology

and medicine, among others, for perfect shared innovation and development (Figure 2).
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Figure 2. Biochemistry represents a key cog in the “clock of the knowledge”, dynamically joining
several scientific wheels such as chemistry, biology and medicine, among others, for achieving perfect
shared innovation and development.
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Abstract: Otoliths of the fish’s inner ear serve as a natural chronological recorder because of their
continuous formation marked by daily, monthly, and annual increments. Despite their importance, the
comprehensive protein content of otoliths remains not fully identified. Using the label-free shotgun
proteomics method with one-dimensional liquid chromatography coupled to electrospray ionization-
orbitrap tandem mass spectrometry, we quantified a broad range of proteins, with individual otoliths
containing between 1341 and 1839 proteins. The identified proteins could potentially serve as a
blueprint for fish growth from embryo to adult. We quantified eleven heat-shock proteins (HSPs) in
both sexes and several proteins impacted by endocrine disruptors, indicating the otolith’s capacity to
reflect environmental stress, potentially linked to climate change effects and altering of hormonal and
neuroendocrine functions. Our bioinformatic ontology analysis confirmed the presence of proteins
critical for various biological processes, including structural and enzymatic proteins. Protein-protein
interaction (PPI) mapping also identified key interactions between the identified proteins. These
findings significantly advance our understanding of otolith proteomics, offering a solid foundation
for future work. Most of the identified proteins deposited daily and influenced by the environment
were not implicated in the biomineralization of otolith, raising the potential for the otolith proteome
to recreate details of fish life history at previously unrealized levels.

Keywords: otoliths; proteomics; biomineralization; quantitative shotgun analysis; Gadus morhua

1. Introduction

Atlantic cod (Gadus morhua) fishing is a significant economic resource in Canada,
impacted by both overfishing and climate change [1-3]. The cod’s inner ear plays a
crucial role in its balance and auditory functions. It consists of three semicircular canals
that detect head movements and are essential for orientation; these canals are filled with
endolymph fluid and contain a crista, which is a sensor for rotational and angular motions.
Additionally, the inner ear includes three otolithic organs, the saccule, lagena, and utricle,
each containing a unique otolith or ear stone (sagitta, lapillus, and asteriscus) vital for
auditory and equilibrium processes [4-6].
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BioChem 2024, 4

Otoliths are composed of calcium carbonate (CaCO3) embedded with organic molecules
such as complex polysaccharides and proteins, and are metabolically inert. They grow
continuously through the daily accretion of concentric layers of the otolith matrix [7-9].
Otoliths are important tools in fisheries research, offering a window into the life history
and ecological dynamics of fish species. Their multifaceted study includes macroscopic
analyses, from shape and size, to microscopic examinations, such as growth increments
and inorganic chemical composition, reflecting the fish’s environment and behaviours [10].
The analysis of the otolith composition can reveal the existence of common environmental
factors that influence fish growth, help uncover past climate conditions, and predict future
environmental impacts on marine ecosystems [11,12]. Fish growth is a complex biolog-
ical process influenced by a combination of intrinsic and extrinsic factors. The intrinsic,
such as ontogeny and sex, and extrinsic, such as abiotic conditions of the environment or
intra-specific interactions, may complicate inferences about climatic impact [11].

A notable study created a century-long growth biochronology (1908-2014) for At-
lantic Cod growth in Icelandic waters from otoliths, and demonstrated that temperature
variations significantly influenced growth, with younger fish benefiting from warmer
temperatures while older fish experienced negative growth effects under similar condi-
tions [11].

The sagitta, the largest otolith, has garnered significant attention in research due
to its size and detailed information about the fish’s age and growth patterns. Larger
otoliths provide clearer and more distinct growth rings, offering accurate inter-specific
morphological diversity [13,14].

Daily growth layers of otolith structures, formed by the gradual accumulation of
new material, vary in thickness and composition depending on environmental conditions,
some associated with proteins and some with the CaCO3; component. This continuous
addition from hatching to death provides a valuable record of various aspects of fish life
history, and serves as a potential environmental record [15,16]. Proteins constitute a small
portion of the otolith, estimated at around 2-3% [17,18]. As most of these proteins are
unlikely to be directly involved in biomineralization, it suggests that a diversity of proteins
present in the endolymph are trapped in the otolith during increment formation [17]. This
raises the intriguing possibility that the otolith is not only archiving elemental markers of
environmental history, but also protein markers of development and physiological change
over an individual’s lifetime [17,19]. Previous research has highlighted the significant
roles of fifteen identified proteins in otolith formation and maintenance within vertebrates,
focusing on three main groups: otolith matrix proteins, otolith anchoring proteins, and
otolith regulatory proteins [15,20,21]. However, the comprehensive understanding of the
otolith’s whole protein composition has not yet been investigated.

The advancement in proteomics has been propelled by innovations in protein separa-
tion, mass spectrometry (MS) establishing the identification and analytical composition,
and data analysis through bioinformatics. MS is central to extensive protein studies. The
“bottom-up” approach dissects proteins into peptides via proteolysis for analysis, termed
“shotgun proteomics”, when applied to protein mixtures. This method assesses proteins in-
directly by analyzing peptides from proteolytic digestion. In shotgun proteomics, peptides
are fractionated, analyzed via LC-ESI-MS/MS, and identified by matching the character-
ized peptide sequences with the mass spectra against predicted spectra from a protein
database [22-27].

We have recently demonstrated the feasibility of employing a shotgun proteomics
approach to study the proteome of Atlantic Cod otolith key structures located in the fish’s
inner ears [17]. The data suggested that the otolith proteins could be used to discover the
whole fish protein profile ranging from embryo to adult. We have shown that most of these
proteins were not implicated in the biomineralization of otoliths, raising the potential for
the otolith proteome to help recreate details of fish life history at previously unrealized
levels [17]. This initial qualitative investigation of otolith proteins allowed the identification
of two primary functional categories, significantly broadening our comprehension of their
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roles beyond mere biomineralization. The first category involved proteins integral to
biochemical processes, primarily in synthesizing and degrading proteins. The second
category included proteins that were instrumental in physiological processes. This data
significantly broadened our understanding of the roles of otolith proteins beyond mere
biomineralization. These recently identified proteins appear to have a significant influence
on essential life processes, including but not limited to growth, development, metabolism,
and the reproductive system within the otolith framework.

In this work, we present our current efforts to quantify the proteins of the cod otolith
proteome from ten fish quantitatively, aiming to address the following objectives: (A) de-
termine the quantity of either different, similar, or absent proteins present in the make-up
of the otoliths obtained from both sexes, (B) establishment of the presence of indicators of
heat stress present in the otoliths of both sexes, as a possible indicators of global warming
of the Atlantic Ocean, and (C) establishment of the presence of endocrine disruptor pro-
tein bioindicators that can indicate the alternation of the hormonal and neuroendocrine
fish functions.

2. Materials and Methods
2.1. Otoliths

The archived otolith collection at the Northwest Atlantic Fisheries Centre (St. John's,
NL, Canada) contains thousands of Atlantic cod otoliths collected over several decades.
The methods used to collect otoliths can vary slightly with the individual technician,
but in general, otoliths were exposed via a dorsal incision in the fish’s skull and were
removed using forceps. Otoliths were blotted dry with paper towels and stored in small
paper envelopes. For this study, we selected ten otoliths (five males and five females)
collected in 2019 from the northeast coast of Newfoundland, Canada. Otoliths were washed
several times with deionized water before protein extraction, as previously described [17].
Finally, each individual otolith was ground in a mortar using a pestle and then added to a
fine powder.

2.2. Chemicals and Standards

All standards, samples, and buffers were prepared using ultra-pure Milli-Q H,O
(18.2 MQ)-cm, Merck Millipore, Darmstadt, Germany). All chemicals were purchased from
Sigma Aldrich (Castle Hill, NSW, Australia) and were of the highest available purity. Mass
spectrometric grade trypsin was obtained from Promega (Madison, WI, USA). MS-grade
solvents for chromatography were obtained from Canadian Life Science (Peterborough,
ON, Canada).

2.3. Otolith Protein Extraction

The sagitta otoliths were washed, cleaned, and dried as previously described [17]. Full
powdered otoliths (2 mg) were suspended in 20% w/v trichloroacetic acid (TCA) (10 mL)
and incubated overnight at room temperature. Samples were then centrifuged at 10,000 g
for 10 min, and the supernatant was discarded. The crystals were washed with 100 uL
of ice-cold acetone and recentrifuged. The supernatant and any remaining undissolved
otolith were discarded, and the vacuum-dried pellet was processed for in-solution digestion.
Briefly, 0.1 mg of the pellet was resuspended in denaturing buffer containing 8 M urea and
0.4 M ammonium bicarbonate (NH4HCO3). Then, 10 puL of 0.5 M dithiothreitol (DTT) was
added and incubated for 30 min at 60 °C. After cooling for 5 min at room temperature,
20 uL of 0.7 M iodoacetamide (IAcNH,) was added and incubated for 30 min. Next, the
sample was diluted with 1.2 mL of H,O followed by 10 uL of 0.1 M CaCl,. For enzymatic
digestion, 100 pL of 0.02 pug/uL trypsin (Promega Trypsin Gold, Mass Spectrometry Grade,
Promega) prepared in 50 mM NH4HCO3; was added to each sample. The samples were
incubated overnight at 37 °C in a shaker. The trypsin activity was inhibited by adding
1 pL of trifluoroacetic acid (TFA), and the samples were acidified to a pH below 3 with
formic acid.
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The samples were then desalted using Oasis HLB 3cc Extraction Cartridges (Waters,
MA, USA) connected to a SuperlcoVisiprep DL manifold (Sigma-Aldrich, Darmstadt,
Germany). The column was conditioned using 0.5 mL methanol followed by 1 mL of
an elution buffer containing 50% ACN and 0.1% TFA, and then with 2 mL wash buffer
prepared with 0.1% TFA. After loading the sample, the column was washed with 5 mL
of wash buffer and eluted twice with 0.5 mL of 50% acetonitrile-0.1% TFA and once
with 0.5 mL of 80% ACN-0.1% TFA. The eluant was dried using a vacuum concentrator
(SpeedVac Concentrator, Thermo Electron Corp., Waltham, MA, USA). The dried peptide
was reconstituted in 12 uL of resuspension buffer containing 5% acetonitrile and 0.1%
formic acid.

2.4. Shotgun Proteomics by LC-ESI-MS/MS

The LC separation was carried out using the Ultimate 3000RSLCnano system (Dionex/
Thermo Fisher Scientific, Waltham, MA, USA). For analysis, 2 pL (1 mg/mL) of the sample
was injected onto an in-house packed capillary column (50 cm x 75 pm, pulled tip, ESI
source solutions) packed with Jupiter C18 4 um chromatographic media (Phenomenex,
Torrance, CA, USA) at a flow rate of 300 nL/min. Chromatographic separation was
performed by a 120 min method using solvent A (0.1% formic acid in MS-grade water)
and solvent B (0.1% formic acid in MS-grade acetonitrile) from 5% to 30% for 90 min, then
increasing to 55% for the next 12 min, and then to 95% for 8 min before being reduced to
5% B for the remainder of the 120 min run. The column oven temperature was set at 40 °C.

The ESI-MS and MS/MS spectra were obtained using an Orbitrap Fusion Lumos
Tribrid Mass Spectrometer (ThermoScientific, Waltham, MA, USA) fitted with a Nanospray
Flex Ion source and a FAIMSpro source. The detailed acquisition parameters for mass
spectrometry analysis were as follows: For ionization, the spray voltage was 1.8 kV, and
the ion transfer tube temperature was 300 °C. The data were acquired in data-dependent
acquisition (DDA) mode with a full scan using Orbitrap at a resolution of 120,000 over
a mass range of 400-2000 m/z. The FAIMS source was operated at three different com-
pensation voltages (CV = 40, 60 and 80). The auto gain control (AGC) was set in standard
mode, and maximum injection time at Auto mode for each MS/MS, acquisition of peaks
with intensities above 5.0 3 were performed using normalized HCD collision energy of
35%. The cycle time was set at 1 s. The isolation window for MS/MS was set at 1.6 Da.
The AGC target was set at standard mode with the maximum injection time mode as Auto.
The precursor ions with positive charges 2 to 5 were selected for MS/MS analysis. After
every single MS/MS acquisition, the dynamic exclusion time was set at 60 s with a mass
tolerance of +10 ppm.

The MS/MS raw files were acquired using Thermo Scientific Xcalibur 4.5 and Tune 3.5
(Waltham, MA, USA) and searched against the Gadus morhua protein database (Taxon ID
8049) downloaded from Uniport using Proteome Discoverer 2.5 (ThermoFisher, Waltham,
MA, USA). The SequestHT search engine node was used for peptide and protein identifica-
tion. Two missed cleavages for trypsin digestion were allowed with a 10 ppm precursor
mass tolerance and fragment mass tolerance of 0.6 Da. Oxidization of methionine and
N-terminal acetylation were set as dynamic modification, and carbamidomethyl cysteine
was selected as a static modification.

2.5. Quantitative Analysis

This study was done using label-free proteomics quantification. The peptides are
identified and searched against the Gadus morhua protein database (Taxon ID 8049) and
searched for the MS? acquired during the DDA acquisition. The peptide quantification was
performed by integrating the area under the curve of the MS! of the identified peptides
using Proteome Discoverer 2.5 (ThermoFisher, Waltham, MA, USA). This was followed by
populating the total area of all the identified peptides within a protein to derive protein
abundances. The ratio of these abundances is then used to compare the different samples.
This approach allows for relative quantitative analysis, comparing protein levels across
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samples (0.1 mg/mL), with careful standardization ensuring comparability despite not
measuring absolute protein quantities.

To ensure precise comparisons in label-free proteomics quantification, this study
implemented consistent protocols across all procedures, from sample prep to analysis.

Quantitative Expressed Protein Intensities Accuracy

The variance stabilization normalization (VSN) is a transformation technique em-
ployed in mass spectrometry data analysis to maintain consistent variance across the
intensity spectrum [28]. VSN serves the dual purpose of background noise subtraction
and data normalization, facilitating a clear relationship between mass spectrometry (MS)
peak intensity and variance. Consequently, this enhances the accuracy of the analytical
results by stabilizing variance. The missing value imputations were performed by replacing
missing values with random values picked in the 5% lower end of the normal distribution
of intensities. VSN was performed using Proteome Discoverer 2.5 (ThermoFisher, Waltham,
MA, USA). Additionally, a p-value < 0.05 was considered significant.

2.6. Statistical Analysis

The quantitative evaluation of the total number of protein expression differences
between male and female groups was conducted using two-sample t-tests and then the
calculation of 95% confidence intervals (CIs). The statistical analyses were carried out using
various R software packages. These included tidyr [29], magrittr [30], plyr [31], dplyr [32],
and ggplot2 [33], facilitating the creation of comparison tables to present the findings.
Further normalization analysis, generation of heat maps, and creation of volcano plots
(abundance ratio Adjusted p-Value: (Female)/(Male) by Benjamini-Hochberg procedure)
were performed using Proteome Discoverer 2.5 (ThermoFsher, Waltham, MA, USA). A
p-value < 0.05 was considered significant.

2.7. Bioinformatics Analyses

Gene ontology (GO) functional analyses for the extracted otolith proteins from Atlantic
cod (Gadus morhua) were performed using the ClueGO plugin (version 2.5.9) within Cy-
toscape software (version 3.9.1). Due to the absence of cod organisms in the ClueGO plugin
program, Atlantic salmon (Salmo Salar) was used for analysis to obtain the conserved func-
tional analysis with Atlantic cod (Gadus morhua). Biological functions, cellular components,
immune system processes, molecular functions, and KEGG provide specific gene annota-
tions with their corresponding functions within identified biological pathways. Finally, the
STRING database was used to visualize the protein—protein interactions within Atlantic cod
(Gadus morhua) (https:/ /string-db.org/cgi/network?taskld=bybNmeXaeGFU&sessionld=
boleulTShMV6, accessed on 14 May 2024). To identify the top 20 proteins based on their
degree of connectivity, the cytoHubba plugin was used.

3. Results and Discussion

The main purpose of this work was to provide a comprehensive analysis of the whole
protein content of ten otoliths. As mentioned, we have formerly conducted a qualitative
analysis of twelve otoliths [17], which helped us understand the composition of otolith
proteins. We compared the total number of proteins identified in the previous study to
those in the current study. We found differences in the total numbers; we speculate that
this discrepancy is due to the ages of the samples. The previous study analyzed samples
that were approximately 12 years old, while our current study includes samples ranging
from 8 to 11 years old (Figure 1). However, the eleven HSPs were identified in both studies.
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Figure 1. Comparison of the total number of otolith proteins between the current study and the
previous one. This plot was generated by molbiotools online tools.

In the current research, we presented the quantitative results of the proteins identified in
our previous qualitative study [17]. We focused on ten samples obtained from five males and
five females collected in 2019 (Table S1, Supplementary Excel sheet), and we report interesting
novel protein biomarkers obtained during this global quantitative analysis of either different,
similar, or absent proteins in the make-up of the otoliths obtained from either sex. We highlight
that the presence and variation of HSPs in marine organisms could potentially help predict
how global climate change might impact species’” metabolic costs [34]. Accordingly, in this
manuscript, we suggest that the presence of HSPs in the otoliths of both sexes can be used as
an indicator of global warming of the Atlantic Ocean. Furthermore, we quantified the proteins
that could potentially be influenced by endocrine disruptors that can indicate alterations in
the hormonal and neuroendocrine function of fish.

Analysis of our dataset revealed a range in the number of proteins per individual,
varying from 1341 to 1839. Utilizing a two-sample f-test to compare the mean number of
proteins between males and females, we found that there was no significant difference in
the total number of proteins (Figure 2). This finding is supported by the 95% confidence
intervals for females (1366.121, 1805.479) and for males (1327.221, 1700.779).
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Figure 2. The total number of otolith proteins is similar between the sexes. This plot shows the
distribution of protein counts for males and females. Despite apparent differences in medians and
variability, a two-sample t-test determined that there is no statistically significant difference in the
mean protein counts between sexes (p-value > 0.05). This plot was generated by R Studio using the
package ggplot2 retrieved from [33].
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In the following, we will describe the intensities of the protein blueprint of Atlantic
cod otoliths that will reveal the different biological processes. It is out of the realm of
possibility to discuss all of the quantified proteins in this rationale. For this reason, we shall
deliberate about a few selected protein models that represent physiological, ontogenetic,
evolutionary, and environmental processes.

3.1. Protein Expression between Sexes

In our study employing ESI-MS/MS with DDA, we conducted a comprehensive
proteomic analysis across ten individuals (Table S2, Supplementary Excel sheet). We
identified significantly upregulated and downregulated proteins in females compared to
males with an abundance ratio (Female/Male) range of 0.000911165-401.7070581 through
the volcano plot visualization (Figure 3 and Table S3, Supplementary Excel Sheet). Proteins
with high abundance ratios (fold change > 2) and low adjusted p-values < 0.05 were
considered significantly more abundant in females than males. A subset of these proteins
exhibiting sex-specific expression differences (differentially expressed proteins between
sexes), as visualized in the heatmap (Figure 4), which may have crucial roles in fish’s
physiological and reproductive processes.

K 1

-Logjo(P-value)

P-value = 0.05

Logy(Female/male)

Figure 3. Protein expression is different between the sexes. Each dot expresses a specific protein.
Proteins that appear in red are significantly upregulated in female samples, whereas those in green
are significantly upregulated in male sexes at p-value < 0.05. This plot was generated by Proteome
Discoverer 2.5.

3.1.1. Otolith Proteins with Substantial Female-Biased Expression

Among the proteins with substantial female-biased expression in otoliths, zona pel-
lucida sperm-binding protein 4-like was notable for its high log?2 intensity, as visualized
in the heatmap (Figure 4) that showed > 2-fold change in abundance between sexes with
p-values < 0.05. There is evidence that this protein, which is essential in forming the egg
membrane and sperm-egg recognition, represents a key component of female fertiliza-
tion [35]. In addition, the high presence of catenin (cadherin-associated protein), alpha
1, which is responsible for the conserved, calcium-dependent module crucial for cell-cell
adhesion. Furthermore, it also plays a vital role in normal developmental processes and
in maintaining tissue structure [36], which is likely related to its essential functions in
reproductive processes.
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Figure 4. The differentially expressed proteins between sexes. The heatmap highlights proteins that
showed the highest abundance between sexes with p-values < 0.05. This visualization allows us
to observe intensities of protein expression, with a colour gradient from blue lower expression to
red representing higher expression levels. Each row corresponds to a protein, and each column to a
sample, allowing us to compare the expression across our samples generated by Proteome Discoverer
2.5 software.

Myosin heavy chain a is a key contractile protein of the muscular system, and its
expression is often a reliable indicator of muscle development and growth. In Atlantic
salmon, as in many other species, the mRNA expression levels of myosin heavy chain
correlate with the muscle’s ability to grow and accrue protein rather than just increase in
size [37]. It is expressed with a higher intensity in female otoliths, possibly indicating differ-
ences in muscle physiology or energy demands between the sexes (Figure 4). Tropomyosin
alpha-1 chain-like is thought to be the master regulator of actin filament functions in the
cytoskeleton. Coagulation factor XIII A chain-like protein (Figure 4) is important for blood
coagulation and wound healing [38]. The vitellogenin-2-like proteins, a female marker,
are phosphoglycolipoproteins synthesized in the livers of oviparous animals in response
to circulating estrogens [17,39]. Serine/threonine-protein phosphatase is one of the key
enzymes responsible for dephosphorylation in vertebrates involved in various cellular
processes, including the cell cycle and signal transduction [40]. It also displayed varying
expression levels, indicating potential differences in cell regulation. The expression of the
XPG N-terminal domain-containing protein is a critical part of the XPG protein involved in
DNA repair [41]. All these proteins display differential expression to support the unique
physiological demands of females.

3.1.2. Otolith Proteins with Substantial Male-Biased Expression

Among the proteins with substantial male-biased expression, we identified proto-
cadherin and protein-tyrosine-phosphatase (Figure 4). Protocadherins are cell adhesion
molecules that belong to the cadherin superfamily and are expressed most prominently
within the central nervous system, which suggests important neurobiological roles for
these molecules [42]. A recent study suggested that genetic factors like protocadherins,
which are expressed more in male cell lines, play a crucial role in the molecular basis of
sex differences in the nervous system [43]. Protein-tyrosine-phosphatase is an enzyme
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that functions in a coordinated manner with protein tyrosine kinases to control signalling
pathways that underlie a broad spectrum of fundamental physiological processes [44].

The plectstrin homology domain-containing protein, which is part of signal trans-
duction in cells, exhibited a significant difference in expression, pointing to potential vari-
ances in cellular communication processes between genders [45]. Tubulin polymerization-
promoting protein family member 3 is an intrinsically unstructured protein that induces
tubulin polymerization [46]. It has a role in microtubule stabilization, cell division, and
developmental processes [47]. Microtubule-associated protein 1Ab, comprising distantly
related protein complexes with heavy and light chains, is believed to be involved in the
regulation of the neuronal cytoskeleton [48]. Pleckstrin homology domain-containing fam-
ily H (with MyTH4 Domain) member 2 is involved in crucial interactions with membranes
and proteins, characterized by pleckstrin homology (PH) and MyTH4 domains crucial
for cellular signalling. These domains aid in organizing the cytoskeleton, affecting cell
shape, movement, and interactions between cell membranes and the cytoskeleton across
various cellular activities [45]. These proteins” high expression reflects their importance in
supporting the cellular processes specific to male Atlantic cod.

3.2. Quantitative Analysis of the Total Protein Profile

The comprehensive proteomic analysis across several individuals (Table S2, Supple-
mentary Excel sheet) yielded 802 proteins consistently found across all individuals (Table 54,
Supplementary Excel sheet), 202 highly abundant that were more than 2-fold increased in
females (Table S5, Supplementary Excel sheet), and 90 proteins highly abundant that were
more than 2-fold increased in males (Table S6, Supplementary Excel sheet). Furthermore,
we also identified 81 proteins common only to males (Table 57, Supplementary Excel sheet)
and 196 common only to females (Table S8, Supplementary Excel sheet), with 92 proteins
exclusive to one individual, defined by sex (Table S9, Supplementary Excel sheet), which
need further investigation, including genetic analysis, to understand the underlying rea-
sons behind their expression. Therefore, we highlighted five proteins present within all
males that were unique to males with high abundance (Table 1), and nine proteins unique
to females with high abundance (Table 2). Lastly, our shotgun analysis also uncovered
214 uncharacterized proteins (Table S10, Supplementary Excel sheet).

Table 1. Five proteins that are unique in males.

Female Male Abundances

D - . A 3
escription ccession Count ? Count P (Average): Male ©

Charged multivesicular body protein 2Ba
OS = Gadus morhua OX = 8049 AO0A8C4YUD6 0 5 261,448.36432
GN =chmp2ba PE=3S5V =1

DNA damage-binding protein 1
OS = Gadus morhua OX = 8049 GN = ddb1 AO0A8C5A9Z6 0 5 98,004.482948
PE=3SV=1

Fibroblast growth factor OS = Gadus

morhta OX = 8049 PE = 3 SV = 1 AQA8C4ZEA7 0 5 24,497.65508

Microtubule-associated protein 1Ab
OS = Gadus morhua OX = 8049 AQA8C5CU29 0 5 3,458,736.85
GN =maplabPE=45V =1

Uncharacterized protein OS = Gadus

morhua OX = 8049 PE =3 SV = 1 AOABCS5FAT4 0 5 778,547.8001

2 Female count: the count of females associated with each protein entry. ® Male count: the count of males
associated with each protein entry. © Abundances (average): quantitative protein abundance measurements were
averaged for all-female groups.
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Table 2. Nine proteins that are unique in females.

. . Female b Abundances
Description Accession Count @ Male Count (Average): Female ©
Dihydrolipoamide acetyltransferase
component of pyruvate dehydrogenase
complex OS = Gadus morhua OX = 8049 AO0A8C5C1K4 5 0 108,232.639474
GN=dbtPE=3SV =1
Galectin OS = Gadus morhua OX = 8049
GN = LOC115545324 PE = 4 SV = 1 AO0A8C5AC]8 5 0 489,972.337868
Heterogeneous nuclear ribonucleoprotein
A/Ba OS = Gadus morhua OX = 8049 AO0A8C4YVYO0 5 0 1,301,640.954998
GN = hnrnpaba PE=4SV =1
Myosin light chain, phosphorylatable, fast
skeletal muscle a OS = Gadus morhua AQA8C5B8E2 5 0 495,851.125408
OX =8049 GN =mylpfaPE=45SV =1
Nidogen 2a (osteonidogen) OS = Gadus
morhua OX = 8049 PE =4SV = 1 AO0A8C5D3Y0 5 0 1,349,773.1182679997
Polypeptide
N-acetylgalactosaminyltransferase AOASC5BP60 5 0 42 686.3808994
OS = Gadus morhua OX = 8049 GN = e
galnt6 PE=3SV =1
SRSF protein kinase 2 OS = Gadus morhua
OX = 8049 GN = srpk2 PE =4SV = 1 AO0A8C5CES3 5 0 20,084.879869999997
Uncharacterized protein OS = Gadus
morhua OX = 8049 PE = 4SV = 1 AO0A8C5CCX7 5 0 211,271.979502
Vinculin OS = Gadus morhua OX = 8049 AOASC5A430 5 0 411,121.875006

PE=3SV=1

2 Female count: the count of females associated with each protein entry. ® Male count: the count of males
associated with each protein entry. © Abundances (average): quantitative protein abundance measurements were
averaged for all-male groups.

3.2.1. Identified Otolith Protein Profile Common in Both Sexes

Some common abundant protein families were quantified in both sexes. In this
study, among the proteins recognized, actins, were ubiquitous between sexes. x-actins
are found in muscle tissues and are a significant constituent of the contractile apparatus.
Developmental stage-specific muscle protein isoforms have also been reported for several
fish species during the development [49-51]. Sixteen proteins related to the actin family
were detected in this study (Table S11, Supplementary Excel sheet).

In addition, we quantified tropomyosins, which are actin-binding proteins that play a
crucial role in regulating the actin cytoskeleton and muscle contraction [49,52]. Six proteins
(tropomyosin 1 (alpha), tropomyosin alpha-3 chain-like, tropomyosin 4a, tropomyosin
alpha-1 chain-like, tropomyosin 3, tropomyosin 2 (beta)) were detected in this study
(Table S12, Supplementary Excel sheet).

We also detected that the tubulin proteins, which are the principal component of
microtubules, are a heterodimer of two closely related proteins, x- and 3-tubulin [49,53]. «-
and p-tubulin were detected in this study (Table S13, Supplementary Excel sheet).

Similarly, we detected that the tyrosine 3-monooxygenase/tryptophan activation protein
-polypeptide belongs to the 14-3-3 family and plays a critical role in signal transduction by
attaching to proteins containing phosphoserine. These are involved in different cellular pro-
cesses, including cell cycle progression, survival pathways, and metabolic regulation [49,54,55].
Three proteins (tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein,
beta polypeptide a, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation
protein, eta polypeptide, and Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase acti-
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vation protein, theta polypeptide b) were detected in this study (Table 514, Supplementary
Excel sheet).

The keratin proteins were consistently present across all individuals. Keratin proteins
are ubiquitous and varied in their types between different age groups. Specifically, type II
keratins were predominantly observed in the younger group, whereas type I keratins
were more prevalent in the older group [49,56-58]. Both types were detected in our data

(Table 515, Supplementary Excel sheet).

Otolith Heat Shock Proteins

HSPs are expressed in response to various types of stress. This includes thermal,
anoxia, acidosis, hypoxia, exposure to toxins, intense protein breakdown, and microbial
infections [59,60]. They are classified into five families based on molecular weight as well
as domain structures and functions: Hsp110, Hsp90, Hsp70, Hsp60, Hsp40, Hsp10, and
small HSP families [60,61]. We identified and quantified eleven proteins belonging to the
Hsp90, Hsp70, Hsp60, and Hsp40 families, as shown in the heatmap (Figure 5) and listed

in Table 516, Supplementary Excel sheet.
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Heat shock 70 kDa protein 4-like
Heat shock cognate 70 kDa protein
Heat shock protein 4 like

Heat shock protein 9

Heat shock protein 90, alpha (cytosolic),
class A member 1, tandem duplicate 2

Heat shock protein beta-1
DnaJ (Hsp40) homolog, subfamily C, member 6
DnaJ heat shock protein family (Hsp40) member A2a

DnadJ heat shock protein family (Hsp40) member B11

DnaJ heat shock protein family (Hsp40) member B6b

60 kDa heat shock protein, mitochondrial

Figure 5. The expression of heat shock proteins within all individuals. Each column represents a
sample, and each row corresponds to a specific protein, allowing us to compare the expressed protein
absorbance across our samples. This figure was created by Proteome Discoverer 2.5 software.
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Hsp90 can suppress thermal aggregation and facilitate protein folding by reducing
misfolding via interactions with aggregation-prone unfolding intermediates [60,62—-64].
Hsp70 assists in folding newly synthesized polypeptides, refolding of misfolded proteins,
protein transport across organelles, and degradation of proteins. This protein is essential
for maintaining cellular protein homeostasis, especially under stress conditions [65,66].
HSP60 proteins play a critical role in regulating mitochondrial protein homeostasis. HSP60
has been primarily considered to reside in the mitochondria, where HSP60 and HSP10 form
a complex and facilitate mitochondrial protein folding. Studies on channel catfish have
shown that HSP60 is implicated in the immune response to bacterial infections, suggesting
it may be crucial for disease defense in fish [60,67]. Hsp40 proteins specifically interact
with Hsp70, regulating its activity by stimulating ATP hydrolysis, which is essential for the
chaperone’s function in binding and releasing unfolded or misfolded protein substrates.
This interaction is vital for maintaining cellular protein homeostasis, particularly under
stress conditions that lead to protein damage [68].

As a result, HSPs are very crucial in maintaining cellular protein homeostasis through
their chaperone functions. The presence of HSPs in both male and female fish reflects their
fundamental role in cellular processes that are essential for the survival of all organisms,
regardless of sex. These proteins are part of the cell’s response to stress, assisting in protein
folding, repair, and protection against damage caused by various stressors. Consequently,
they play a crucial role in protecting the cod from the harmful effects of stress. [69-76].
Therefore, we predict that the presence of the eleven detected HSP chaperone proteins in
our otolith samples could indicate climate change impacts.

Identification of Otolith Protein Bioindicators of Endocrine Disruptors

As mentioned in Section 3.1, a notable finding is the presence of vitellogenin-2-like
protein, which directs egg development, showing a marked increase in abundance (193.2) in
all female quantitative measurements [39]. However, its presence, albeit in lower abundance
in males (38.1), indicates potential exposure to exogenous estrogens or estrogen mimics in
aquatic environments [77-80]. This has been confirmed by previous studies of vitellogenin-
2-like plasma levels in male vertebrates exposed to certain xenobiotic endocrine disruptors
with estrogen-mimicking activity [81-84].

The zona pellucida sperm binding protein, which shows a focal role in the oocyte and
gamete development, is the main predictor of fertilization capacity. Although the zona
pellucida sperm binding protein-specific marker is present in higher abundance in females
(192.4), it was also detected in males in low abundance (7.6) [79,80]. We speculate that the
presence of vitellogenin-2-like protein and the zona pellucida sperm-binding protein in
males is due to exposure to endocrine disruptors.

3.3. Bioinformatics Analyses
3.3.1. Gene Ontology (GO)

Next, we analyzed the proteins in both males and females based on annotated func-
tions. Out of 1416 gene symbols, 328 genes had associated annotations from both sexes. We
provide a conclusion chart (Figure 6), showing the visualization representing the number
of genes associated with specific terms and functional groups.

A large portion of the biological function identified is mRNA transport (38.71%)
(Figure 7A), [85]. The next most common biological process is the purine nucleoside
monophosphate biosynthetic process (25.81%) [86].
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Figure 6. A conclusion chart provides a visualization representing the number of genes associated

with specific terms and functional groups. Each bar represents a functional group, and the height of

the bar corresponds to the number of genes related to the terms within that group. The label on each

bar indicates the percentage of genes. * p < 0.05, ** p <0.01.

A large portion of the cellular components (Figure 7B) is composed of genes that
encode proteins associated with the proteasome complex (62.5%) [87]. Genes associated
with the ribosomal subunits (12.5%) are critical for protein translation [88]. The smallest
slice shown represents genes linked to intracellular ribonucleoprotein complexes (2.5%),
which are involved in gene transcription [89].

20




BioChem 2024, 4

A significant portion of the molecular functions of the proteins (Figure 7C) are asso-
ciated with threonine-type endopeptidases (25.0%). Enzymes are vital in breaking down
proteins by cutting internal peptide bonds in polypeptide chains. Another quarter of the
genes is involved in the transport of peptides across cellular membranes. Oxidoreductase
activity, acting on NAD(P)H (12.5%) and oxidoreductase activity, acting on a sulphur group
of donors (12.5%); each category accounts for an equal proportion of the genes and indicates
a significant role for oxidoreductase enzymes. Flavin adenine dinucleotide (FAD) binding
(12.5%), this group of genes is associated with binding FAD, a cofactor involved in key
metabolites for the maintenance of life and is involved in a wide range of physiological
processes [90]. Cell adhesion molecule binding comprises 12.5%.

% Terms per group

_——————Cell redox homeostasis 3.23% **
- ~ Extracellular matrix organization 6.45% **

2_,.47 —— Small molecule catabolic process 12.9% **

mRNA Transport 38.71% ** —

— Response to toxic substance 12.9% **

— Purine nucleoside monophosphates
biosynthetic process 25.81 % **

(A)
% Terms per group
e _—— Ribosomal subunit 12.5% **

Intracellular ribonucleoprotein
complex 25.0% **

—

Proteasome complex 62.5% ** ——

(B)

Figure 7. Cont.
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—— Oxidoreductase activity, acting on a sulphur
group of donors 12.5% *

Flavin adenine dinucleotide binding 12.5% *

peptide transporter activity 25.0% *
—— Cell adhesion molecule binding 12.5%*

©)
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___————— Pentose phosphate pathway 12.5% **

Valine, leucine and isoleucine
degradation 25.0% **
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Lysosome 12.5% ** —— ~7——— Other glycan degradation 12.5% **

Proteasome 12.5% ** — T Ribosome 12.5% **
(D)

Figure 7. The distribution of identified genes across various functional groups. (A) This pie chart
represents the distribution of genes across biological processes. (B) This pie chart represents the
distribution of genes associated with specific cellular components. (C) This pie chart represents the
distribution of identified genes across molecular functions. (D) This pie chart represents the distribu-
tion of identified genes categorized by their molecular functions, according to Kyoto Encyclopedia of
Genes and Genomes (KEGG). The sizes of the slices are proportional to the number of genes involved
in each process. Significant level of enrichment ** p < 0.0land * p < 0.05. This figure was created by
Cytoscape software.

A significant proportion of proteins is involved in the catabolism of branched-chain
amino acids (valine, leucine, and isoleucine) (25.0%) (Figure 7D), which not only act as
building blocks for tissue protein (accounting for 35% of the essential amino acids in mus-
cle), but also have other metabolic functions [91]. Lysosomes (12.5%), genes associated with
lysosomal function, suggest involvement in degrading and recycling cellular waste, cellular
signalling, and energy metabolism [92,93]. Proteasome (12.5%) indicates a notable represen-
tation of genes involved in the proteasome pathway, which is critical for the cell cycle, cell
survival, and cellular homeostasis [94]. Pentose phosphate pathway (12.5%), a significant
number of genes are involved in this pathway, which is crucial for nucleotide synthesis and
the generation of NADPH for reductive biosynthesis [95]. Glutathione metabolism (12.5%)
reflects genes involved in the synthesis and metabolism of glutathione, a major antioxidant
that is critical in the regulation of the redox state of cells [96]. Glycan degradation (12.5%)
genes are associated with the degradation of various glycans, complex carbohydrates
that play major metabolic, structural, and physical roles in biological systems [97]. The
ribosome comprises 2.5%, and a portion of the genes is related to the ribosome, indicating
the importance of protein synthesis machinery in the cell [98].
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3.3.2. Protein—Protein Interaction (PPI) Analysis

Our research used the STRING database to construct a comprehensive map of the PPI
of the common otolith proteins within the Gadus morhua, listed in Table S17, Supplementary
Excel sheet. This network elucidates potential key proteins in Atlantic cod biological
processes and predicted PPls, substantiated by evidence such as genetic co-occurrence and
experimental validations [99]. Due to the complexity of our dataset, this study will focus
on the top 20 proteins with the highest score, suggesting robust evidence from multiple
sources, including experimental data and literature support [100] (Figure 8).

Succipdtessemialdehyde
dehydrogenase
1

\
Aldehyde dehydrogenase 1
ily, member A2

" Eukaryotic translation
————— i ngation factor 2
——

Figure 8. String network visualization of top 20 high-degree proteins in the otolith protein interaction
map of Gadus morhua. This figure was created by Cytoscape software.

Key proteins identified include structural proteins such as Actin and Alpha Cardiac
and enzymatic proteins like Citrate synthase and Glyceraldehyde-3-phosphate dehydroge-
nase (Table 518, Supplementary Excel Sheet). The category of ribosomal proteins includes
Ribosomal protein S14 and Ribosomal protein L4. Additionally, signalling proteins like
RAN binding protein 2, and heat shock proteins like Heat shock protein 9. Lastly, proteins
such as the Eukaryotic translation elongation factor 2 are involved in the translation process.

This analysis enriches functional proteomic research in Gadus morhua and illustrates
the potential to chronicle the extensive protein interactions that underpin vital physiologi-
cal processes.

4. Conclusions and Future Directions

We have shown in this study the presence of five proteins within all males that
represent uniqueness to males and nine proteins unique to females. In addition, 802 proteins
were consistently found across all individuals.

In 2019, the bottom temperatures in NAFO Subarea 3K were significantly above
normal, reflecting the broader impacts of global warming. The fall bottom temperatures
in Subarea 3K were recorded to be between +0.5 °C and +2.5 °C above the long-term
average of around 4 °C, marking a return to warmer anomalies not seen since 2011 [101-
103]. This warming trend is consistent with the global patterns of ocean warming due
to climate change [104]. Temperature variations in aquaculture environments can be
substantial and can approach the upper critical thermal limits of 8-12 °C for Atlantic
cod, which are lethal. These shifts can occur quickly, such as an ~8 °C increase in less
than 12 h during thermocline inversions, particularly at depths where Atlantic cod tend
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to gather (>5 m) [69,70]. Fish are unable to escape temperature fluctuations, inevitably
facing stressful environments completely. This thermal stress profoundly affects gene
transcription, targeting genes linked to oxidative stress response, apoptosis, protein folding,
energy metabolism, synthesis, membrane fluidity, and immune functions [69-76]. The
proteins encoded by these genes include some of the elements that regulate both the
organismal and cellular stress responses. As a result, HSPs play a crucial role in protecting
the fish against the deleterious effects of stress [69-76]. This is why we predict that the
eleven HSP chaperone proteins detected in otolith could be an indicator of climate change
(Table S19, Supplementary Excel sheet); however, this needs to be empirically determined.

Recent studies have brought to light significant evidence regarding the stress condi-
tions in fish, focusing on the impact of endocrine-disrupting chemicals (EDCs), treated
sewage, and other environmental factors [77,78]. This was discussed in the otolith’s proteins
of egg yolk precursors section. Although the zona pellucida sperm-binding protein-specific
marker is present in higher abundance in females, it was also detected in males [79,80].
Likewise, environmental effluence and exposure to EDCs and other contaminants can be
likely factors contributing to these observations [77-80].

Further comprehensive research is needed to elucidate the full range of influences
that are central to the alteration of sex markers in fish, ensuring that we consider all
possible sources of stress, whether they are pollutants or other environmental variables.
This evidence collectively indicates a significant stress response in fish to environmental
pollutants, warranting further investigation into the mechanisms of action and long-term
consequences of these exposures on aquatic life. It is also vital to conduct further studies
on the PPIs and their functional overlaps, to explore their evolutionary significance.

Finally, this study employs a quantitative shotgun proteomics approach and bioinfor-
matic analysis to discover the unidentified proteins present in cod otoliths. Our results
show that diverse proteins are stored in otolith that were accumulated, thereby enabling the
discernment of both differences and similarities across protein profiles between sexes. We
speculate that circulating proteins released by various cells in the body into the endolymph
are captured by the otolith. In the future, we will explore the prospect of monitoring the
growth of the fish by investigating the proteins present in each separate concentric layer of
the otolith matrix.

In conclusion, this study suggests a broader applicative potential of otolith proteomics
in marine research. By transcending traditional views of otoliths solely as chronometers,
this study illuminates their capacity to provide invaluable insights into the proteomic
profiles reflective of varying life stages and environmental interactions of cod. Despite
these advances, our understanding of the otolith proteome remains nascent, with much
terrain still to explore. Future endeavours will focus on comparing protein profiles of
otoliths from different NAFO zones, trip, and depths. In the future, we plan to monitor
the growth protein of the fish by investigating the presence of the protein concentric
layers of the otolith matrix to follow the growth of the fish from embryo to adult. Such
comparisons will be expected to substantially enrich our comprehension of the otolith
proteome, opening new avenues for research and offering profound implications for marine
and environmental science.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biochem4020008/s1, Table S1: Overview of sample used in the
current study.; Table S2 (1): 10 Otolith protein; Table S2 (2). 10 Otolith protein with protein sequences
(Full data). Table S3: Volcano Plot; Table S4: 802 Proteins are always common between individuals.;
Table S5: 202 Highly abundance proteins for female; Table S6: 90 Highly abundance proteins for
males; Table S7: 81 Proteins Present in >X Males and zero females; Table S8: 196 Proteins Present
in >X Males and zero females; Table S9: 92 Proteins identified in individual, either male or female;
Table S10: 214 Uncharacterized proteins identified in our dataset.; Table S11: Sixteen proteins related
to the actin family identified in this study; Table S12: Six proteins related to tropomyosins identified
in this study; Table S13: «- and 3-Tubulin identified in this study; Table S14: Three proteins related to
the 14-3-3 family identified in this study; Table S15: Both keratin proteins types identified in our data;
Table S16: List of heat-shocked proteins identified in our study; Table S17: The full Protein-Protein
Interaction- STRING network in Figure S1.; Table S18: Top 20 in network ranked by Degree method;
Figure S1: The full Protein-Protein Interaction- STRING network.
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Abstract: Background/Objectives: Juvenile idiopathic arthritis (JIA) is a chronic childhood disease
that often persists into the reproductive years. JIA may impact long-term fertility due to the prolonged
exposure to immunosuppressive therapies. Methods: A total of 35 adult JIA female patients of
childbearing age and 20 age-matched healthy controls were studied to test their anti-Miillerian
hormone (AMH) serum levels as a biomarker of ovarian reserve. Demographic characteristics,
disease duration, previous and current treatments, disease activity (DAS44), and a health assessment
questionnaire (HAQ) were recorded. Results: JIA patients had a mean age of 22.3 & 2.9 years, a
disease duration of 12.3 & 6.1 years, and a DAS44 of 1.24 + 0.61. No differences were found in AMH
serum levels between JIA and controls (5.78 £ 2.37 ng/mL vs. 6.60 + 2.68 ng/mL, respectively;
p=0.17). Among the patients, 22 (62.9%) were receiving a stable dose of methotrexate (MTX)
and 19 (54.3%) a dose of TNF«x inhibitors. No difference in AMH serum levels was observed
between JIA patients who were or were not exposed to MTX (p = 0.29) or to TNF« inhibitors (p =
0.50). Conclusions: Ovarian reserve as assessed by AMH serum levels appears to be comparable
between those with JIA and age-matched controls and does not appear to be influenced by disease
characteristics or prior/concomitant exposure to immunosuppressive drugs.

Keywords: juvenile idiopathic arthritis; anti-Miillerian hormone; immunosuppressive drugs

1. Introduction

Juvenile Idiopathic Arthritis (JIA) refers to all forms of chronic arthritis of unknown
origin lasting for at least 6 weeks in children and adolescents [1,2], being the most common
arthropathy of childhood. It affects hundreds of thousands of children worldwide, repre-
senting a leading cause of short- and long-term disability [2—4]. Disease onset is usually
before 16 years of age, and the disease often persists into reproductive age [2]. Therefore,
in this category of patients, fertility preservation should be considered among the priority
outcomes, as several studies have shown that patients with JIA or childhood-onset Systemic
Lupus Erythematosus (SLE) had an increased risk of decreased reproductive potential as
a consequence of their chronic inflammatory condition or drug exposure. However, an
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estimate of the actual risk of infertility in such patients is still unknown [5]. Fertility has
been found to be unaffected in women with JIA [5], but it may be potentially compro-
mised by physical, hormonal, or immunological mechanisms, as well as pharmacological
treatments such as prolonged exposure to immunosuppressive therapy in young female
patients [6,7]. Conversely, several studies have investigated fertility in female rheumatoid
arthritis (RA) patients, particularly in a case-control study with age-matched controls,
reporting no relationship between RA and nulliparity, infertility, oral contraceptive use,
and adverse pregnancy outcomes [8].

Multiple autoimmune mechanisms are involved in the decrease of the ovarian follicle
pool, resulting in premature ovarian failure (POF) (i.e., failure of ovarian function before
the age of 40) [9,10]; in fact, the presence of antiovarian antibodies has been reported in
premature ovarian aging [11,12]. As previously observed in SLE patients, ovarian function
can be impaired by the presence of antibodies directed against the corpus luteum (anti-
CoL) [13] and can be decreased by autoimmune oophoritis, leading to a reduction in
hormones involved in the ovarian reserve [14]. In JIA, anti-CoL antibodies have rarely
been detected, but a decrease in hormones related to ovarian function and reserve has been
observed [15].

The quantity and quality of the ovarian follicle pool represent the ovarian reserve; they
decay with age, resulting in a decrease in the woman’s reproductive functions [16]. There is
considerable individual variability in the age of menopause and subfertility [17], so chrono-
logical age is not a good predictor of ovarian reserve. To date, there is no proven marker
directly related to ovarian follicle number, although serum levels of follicle-stimulating
hormone (FSH), inhibin B, estradiol, and anti-Miillerian hormone (AMH) and the assess-
ment of the ovarian antral follicle count (AFC) by transvaginal ultrasound evaluation have
emerged as interesting biomarkers for the prediction of ovarian reserve [18].

These tests have some restrictions, which include lack of sensitivity and, in some cases,
their dependence on the phase of menstrual cycle [19-21]. In a recent set of recommenda-
tions, the Practice Committee of the American Society for Reproductive Medicine stated
that combined ovarian reserve test models do not consistently improve predictive ability
more than a single ovarian reserve test, suggesting measurement of AMH as a reliable
screening test for poor ovarian reserve [19]. In this context, several studies have shown
a good predictive value in the evaluation of the ovarian follicle pool by serum levels of
AFC and AMH, better than FSH [20,21]. AMH is a growth and differentiation factor of
the transforming growth factor § family, produced in the granulosa cells of preantral and
small antral follicles [22]. In women, AMH serum levels are undetectable at birth, reaching
a maximum level after puberty and then progressively decreasing during reproductive
life, until AMH becomes undetectable in menopause [23]. Moreover, it has been observed
that the phase of the menstrual cycle does not influence AMH serum levels [24,25]. All
these aspects make AMH a good predictive biomarker that reflects well the ovarian reserve
over time.

To date, multiple pieces of evidence from the cancer field have demonstrated that
AMH serum levels decrease during and after chemotherapy treatment in women, indicating
AMH as an early and sensitive biomarker of ovarian reserve damage [26,27].

In recent years, several studies have been published on AMH as a biomarker of ovarian
reserve in autoimmune rheumatic diseases [28-39] and it has been reported that chronic
inflammatory joint diseases, such as RA and spondyloarthritis (SpA), negatively impact the
ovarian reserve [34,37]. In JIA adult patients, a significant decrease in AMH levels appears
to be unaffected by immunosuppressive therapies like methotrexate (MTX) or biological
agents [15].

The aims of this study were (i) to evaluate AMH serum levels in a cohort of JIA adult
women of childbearing age compared with age-matched healthy subjects, and (ii) to assess
the influence of previous exposure to conventional disease-modifying anti-rheumatic drugs
(cDMARDs) and/or biological DMARDs (bDMARD:s), as well as of disease parameters on
the ovarian reserve in adult women of childbearing age with JIA.
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2. Materials and Methods
2.1. Subjects

Thirty-five consecutive female adult patients with a diagnosis of JIA according to
ILAR criteria [40] were enrolled in the study at the Fondazione Policlinico Universitario
A. Gemelli-IRCCS in Rome. Each enrolled patient had to meet the following inclusion
criteria: age between 18 and 30 years, regular menses with no diagnosis of ovarian failure,
no current or previous exposure to cytotoxic therapy or radiation for cancer, no previous
diagnosis of polycystic ovarian syndrome (PCOS) [41], and no use of oral contraceptives or
current pregnancy. At study entry, each enrolled JIA patient underwent peripheral blood
sampling for serum AMH determination (see below). Complete ovarian function was
assessed during the early follicular phase of the menstrual cycle (between the first and fifth
day of menses) with estradiol and follicle-stimulating hormone (FSH). Moreover, clinical
and demographic characteristics, disease duration, prior and current therapies, 44-joint
disease activity score (DAS), and a health assessment questionnaire (HAQ) were collected
at the time of sampling. All participants were asked to answer questions about their
lifestyle and their gynecological and obstetric history, including age at menarche, menstrual
cycle duration, gynecological disorders, number of full-term pregnancies, and number of
miscarriages. Twenty age-matched healthy controls were included as a comparison group.
The subjects who participated in this study were all Caucasian women. The study protocol
was approved by the Ethics Committee of the Universita Cattolica del Sacro Cuore (Ethics
Committee protocol number: 0047470/17—31 October 2017) and all subjects provided
signed informed consent.

2.2. Determination of Ovarian Reserve: Anti-Miillerian Hormone (AMH) Assay

At study entry, each enrolled subject underwent peripheral blood sampling. The blood
was collected in a serum separator tube (BD Vacutainer™ SST™ II Advance) containing
spray-coated silica and a polymer gel for serum separation. After peripheral blood drawing,
each sample was centrifuged at 300 g within 15 min of collection and stored at —80 °C
until assayed [36]. Serum AMH levels were determined with a 2-stage enzyme-linked
immunosorbent assay using a commercially bought kit (AMH Gen II ELISA, Beckman
Coulter, Inc., Brea, CA, USA) according to the manufacturer’s revised protocol [42,43].
Each AMH assessment was run in duplicate for each sample [37,38]. The intra-assay CV
(coefficient of variation) was 3.7% (at 3.8 ng/mL) and 3.4% (at 16.4 ng/mL). The interassay
CV was 4.4% (at 3.8 ng/mL) and 3.4% (at 16.4 ng/mL). The assay range was 0.4-21 ng/mL
and the sensitivity was 0.08 ng/mL [36]. All experiments were performed in accordance
with relevant guidelines and regulations.

2.3. Statistical Analysis

Data were analyzed using SPSS Statistics 22.0 (IBM, Armonk, NY, USA) and Prism
software 8.0 (Graph-Pad, San Diego, CA, USA). Categorical and quantitative variables were
registered as frequencies, percentage, mean =+ standard deviation (SD) as appropriate. The
nonparametric Mann-Whitney U test was used to compare the continuous variables. The
nonparametric x> test was used to assess the differential distribution of the categorical vari-
ables. The Spearman’s rank correlation was used to analyze the relationship between AMH
serum levels and inflammatory and clinical parameters. p-values < 0.05 were considered
statistically significant.

Regarding sample size calculation, this prospective interventional cohort study aimed
to evaluate the potential differences in serum AMH levels between young adult women
with JIA compared to age-matched healthy controls as its primary endpoint. To date,
knowledge about ovarian reserve in women with JIA is scarce, and only one study by
Ferreira et al. [15] addressed this topic on a small sample of JIA patients, albeit without
significant variation between patients and age-matched controls. The Practice Committee
of the American Society for Reproductive Medicine (ASRM) and the Endocrine Society
in 2020 [19,44-46] suggested measuring AMH as a reliable screening for poor ovarian
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reserve, providing 1.5-3.0 ng/mL as normal values up to 25 years, with mean values
around 2.0 £ 0.4 ng/mL. Thus, assuming a 20% reduction in AMH serum levels in JIA
patients, with a power of 80% (type II beta error = 20%) and type I alpha error of 5%, a 95%
two-sided confidence interval and a case-to-control ratio of 2:1, a group sample size of 27
and 14 would achieve 81.2% power to detect the hypothesized difference. Hypothesizing a
potential dropout of 30% due to laboratory testing issues, we planned to enroll 35 women
with JIA (cases) and 20 age-matched controls, respectively. The sample size calculation
was performed using PASS2022 statistical software 22.0.3 with a two-sided Mann-Whitney
U test [47].

3. Results
3.1. Demographic and Clinical Characteristic of the Cohort of Adult Female JIA Patients of
Childbearing Age

A total of 35 consecutive JIA patients and 20 age-matched controls were included in
the analysis. Table 1 summarizes the study population characteristics. The mean age of
patients at baseline was 22.3 & 2.9 years, comparable to the control group (23.1 £ 1.9 years,
p = 0.07). The mean age at disease onset was 9.5 & 5.0 years and the mean disease duration
at the time of peripheral blood drawing was 12.3 & 6.1 years (Figure 1). Considering the
disease phenotype, systemic onset was observed in four (11.4%) patients, oligoarticular
onset in nine (25.7%), polyarticular onset in 20 (57.1%), enthesis-related arthritis in one
(2.8%) and psoriatic arthritis in one patient (2.8%), respectively. At enrolment, the mean
DAS was 1.24 + 0.61 and the HAQ was 0.30 £ 0.67 (Table 1).
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Figure 1. Scheme showing disease course and menarche timeline of individual adult JIA patients

belonging to the enrolled study cohort.

Considering the previous and concomitant pharmacological treatments in the JIA
cohort, 11 (31.4%) patients were taking low-dose prednisone (less than 7.5 mg/daily),
22 (62.9%) had previous exposure to methotrexate (MTX) for a mean period of 2.4 £ 3.4 years,
and 19 (54.3%) were treated with anti-TNFa drugs for 2.1 &+ 2.7 years during their disease
course. Eight JIA (22.9%) patients were exposed to combination therapy (MTX + anti-
TNFa) and ten (29.4%) to one or more other csDMARD (i.e., azathioprine, leflunomide,
sulphasalazine or cyclosporine, respectively) (Table 1). Regarding ovarian function, no
difference was found between JIA patients and healthy controls in FSH and Estradiol serum
levels. As for their reproductive background, there were no differences between JIA adult
patients compared to controls in mean age at menarche [12.1 &= 1.7 years for patients and
12.9 + 1.6 years for the control group (p = 0.21)]; none of the patients and controls had had
full-term pregnancy or miscarriage.
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Table 1. Demographic and clinical characteristics of the adult female JIA cohort.

Demographic and Clinical Characteristics (nJil;S) %{:r;t;(:)l)s p
Age, years 223+29 231+19 0.07
Age at disease onset, years 9.5£5.0 - -
Disease duration, years 123+ 6.1 - -
BMI (kg/m?) 22.7+52 22.1+4.3 091
Smoking habit, n (%) 10 (28.6) 3 (13.6) 0.2
HAQ 0.30 £ 0.67 - -
DAS44 1.24 + 0.61 - -
ESR, mm/1h 174 +£13.8 - -
CRP, mg/L 39+72 - -
Systemic onset, n (%) 4(11.4) - -
Oligoarticular onset, n (%) 9 (25.7) - -
Polyarticular onset, n (%) 20 (57.1) - -
Enthesitis-related arthritis, n (%) 1(2.8) - -
Psoriatic arthritis, n (%) 1(2.8) - -
Treatment (previous or current)

MTX, n (%) 22 (62.9) - -
MTX treatment duration, years 24+34 - -
Anti-TNFe, n (%) 19 (54.3) - -
Anti-TNF« treatment duration, years 2.09 +2.71 - -
MTX + anti-TNFe«, n (%) 8 (22.9) - -
Other csDMARDs, n (%) 10/34 (29.4) - -
Prednisone (less than 7.5 mg/day) 11 (31.4%) - -
Gynecological and obstetric data

Age at menarche, years 121 +1.7 129 +1.6 0.31
Subjects with full-term pregnancy, n (%) 0 (0) 0 (0) -
Subjects with miscarriage, n (%) 0(0) 0 (0) -
FSH, mUI/mL 43+24 49+37 0.84
Estradiol pg/mL 979 +49.6 111.5 + 46.8 0.44
AMH, ng/mL 58+24 6.6 +2.8 0.17

Values are shown as mean =+ SD, unless otherwise indicated. BMI: body mass index; DAS: disease activity score;
ESR: erythrocyte sedimentation rate; CRP: C-reactive protein; MTX: methotrexate; csDMARDs: conventional syn-
thetic disease-modifying antirheumatic drugs; FSH: follicle-stimulating hormone AMH: anti-Miillerian hormone.

3.2. Association between AMH Serum Levels with Clinical Characteristic and Pharmacological
Treatments in Adult Female JIA Patients Cohort

Evaluation of AMH serum levels revealed that JIA patients did not differ from the
control group (5.78 & 2.37 ng/mL vs. 6.60 & 2.68 ng/mL, respectively; p = 0.17) (Figure 2A).
At disease onset, 12 (35.3%) JIA patients had already experienced menarche, with AMH
serum levels similar between patients who experienced menarche before or after disease
onset (5.28 £+ 2.02 ng/mL and 6.17 &+ 2.51 ng/mL; p = 0.50). Moreover, there was no
correlation between baseline AMH serum levels and age (R = 0.09; p = 0.61), as well as age
at disease onset (R = —0.37; p = 0.83) and disease duration (R = 0.03; p = 0.88) in the JIA
cohort. Based on pharmacological treatments, JIA patients receiving MTX (cumulative MTX
dose >5 g) showed similar AMH serum levels compared to JIA patients not receiving MTX
(4.99 £ 2.30 vs. 6.24 & 2.34 ng/mL in MTX users and MTX nonusers, respectively, p = 0.29)
(Figure 2B). Similarly, JIA patients on anti-TNF« therapy did not show different AMH
serum levels from those not using anti-TNFo therapy (6.14 £ 2.68 vs. 5.34 &= 1.93 ng/mL
in anti-TNFa-exposed and anti-TNFx-unexposed, respectively, p = 0.50) (Figure 2C).

Looking at treatment exposure, no correlation was found between AMH serum levels
and duration of MTX therapy (R = 0.24; p = 0.16) or anti-TNF« therapy (R = 0.33; p = 0.06).

Finally, no difference was found in AMH serum levels among JIA patients treated with
MTX alone (n =8; 6.08 & 1.30 ng/mL, p = 0.59), anti-TNF« alone (n = 5; 5.60 & 2.51 ng/mL;
p =0.37), and MTX + anti-TNFx combination (n = 8; 6.74 £ 2.60 ng/mL; p = 0.91) compared
to controls (Figure 2D). Despite the limited number of patients, the results are in line with
data already published in the literature. Furthermore, no correlations were found between

34



BioChem 2024, 4

AMH serum levels and duration of exposure to MTX alone (p = 0.10) or anti-TNFo alone

(p = 0.08), respectively.

(A)
1500 ] P07
T 125 °
& 0®
=
£ 10.01 oo
- 00
> 000 "¢ an
2 7510950 o °
jan} [
2 50| ogg| [
Q0
2.5 o [S:194
: ° [5:9)
0.0
p=0.91
® 50 © ©)
' ' ‘ 15.00 ¢ - 15.01
2 125 ‘ i = i : : p=0.59 i
g 12.51 o) i E 1254 i i =254 TR i
2) OO @ Oo o 5)125 o i
P > 100 ° £10.01 [ oo
5] 5] 0 A :
5 1518%8 030 996 5 75/888 3 % 5|88 o e
° 5 7
E :é: o P o [
Z 507| e0 odc% ° % 507 3 0© S <2:540— EIRE ° °
2.5 80 @ ° 254 © 0° ® 254] © ®
) ° : ° o ® : ° )
0.0 0.0 T T T 0.0
Controls MTX  MTX Controls  anti- anti- MTX + +
users  nonusers TNFo.  TNFq anti-TNFo ) * +
users nonusers
Controls JIA
JIA A

Figure 2. (A-D). Anti-Miillerian hormone serum levels in adult women JIA patients and healthy
controls. (A) AMH serum levels in adult women JIA patients and age-matched controls enrolled in
the study. (B,C) AMH serum levels in adult women JIA patients stratified based on MTX (B) and
anti-TNFa exposure (C) compared to those that did not receive these drugs and to controls. (D) AMH
serum levels in JIA patients treated with MTX, anti-TNFa and MTX/anti-TNFx combination, com-
pared to controls. AMH: Anti-Miillerian hormone; TNF: tumor necrosis factor; JIA: juvenile idiopathic
arthritis; MTX: methotrexate.

4. Discussion

In this pilot study, we evaluated the serum levels of AMH, a biomarker of ovarian
reserve, in a cohort of adult women with JIA, during reproductive age, compared with age-
matched healthy controls, to determine whether concomitant chronic inflammatory disease
and/or exposure to conventional and/or biological DMARDs could have a detrimental
effect on their ovarian reserve. We found that AMH serum levels in the JIA adult cohort did
not differ from the aged-matched controls, regardless of prior or concomitant medications.

The AMH serum level has emerged as a good surrogate for estimating ovarian reserve,
although recent data on decreased ovarian reserve as assessed by AMH in patients with
rheumatic diseases have yielded some conflicting results [29-33]. In particular, in a study
conducted on patients with early RA, Brouwer et al. [34] found a comparable concentration
in AMH serum levels between the study cohort of RA patients and healthy controls
at the time of diagnosis and at a six-month follow-up, as reported in long-standing RA
patients [48], while Henes et al. found a significant reduction in ovarian reserve as measured
by AMH level in RA patients compared with controls, as well as in spondyloarthritis and
Behget’s disease patients [49].

To date, there are few data on the assessment of fertility in patients with JIA, in their
postpubertal age, with AMH used as a biomarker of ovarian reserve [50]. Ferreira et al.
documented a significantly lower ovarian reserve in JIA patients, not associated with the
hypothalamic—pituitary—gonadal axis, compared to controls, deducing that the disease
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itself could have a negative influence on the patients’ ovarian reserve [15]. In our study,
we found no association between AMH serum levels and age in both JIA patients and
healthy controls, and, in contrast to Ferreira et al., no significant difference in AMH serum
levels was found between JIA patients and age-matched controls, suggesting a limited
effect of this concomitant rheumatic disease on patients’ ovarian reserve. This result could
be explained by the narrow range of age distribution of the patients in our study and
by the strict selection criteria that excluded patients undergoing cytotoxic drugs, which
is relevant as it can influence the ovarian reserve parameters. Furthermore, focusing on
the therapeutic profile, we found no significant differences in AMH serum levels among
JIA patients exposed to MTX or bDMARD:s alone or to MTX + anti-TNFo combination
therapies compared to age-matched controls. These results are in agreement with a recent
study in which no effect of biological drugs used to treat JIA was observed on AMH,
FSH, LH, and estradiol levels even though the cohort of JIA patients was prepubertal and
pubertal [50], thus suggesting the hypothesis that exposure to MTX or/and bDMARDs
does not affect the ovarian reserve at each different woman’s reproductive phase.

There are few data on the effects of csDMARDs and bDMARDs therapy on ovarian
reserve. Scrivo et al. did not observe a change in AMH, FSH, and LH serum levels in
SpA after 8 months of treatment with anti-TNF«, assuming that these drugs do not affect
fertility [51]. It was observed that Balb/c mice exposed to MTX (5 g/ m?) could undergo
destruction of primordial follicles [52], and Araujo and colleagues [53] observed that in
adult patients with SLE diagnosed in childhood, a high cumulative dose of MTX could
have a detrimental consequence on ovarian reserve, while no effect of MTX on ovarian
reserve has been documented in JIA patients. However, as shown by Tomioka et al., in
a cohort of 23 JIA patients, the use of nonsteroidal anti-inflammatory drugs (NSAIDs)
may induce luteinized unruptured follicle (LUF) syndrome without compromising ovarian
reserve [54].

The present study should be interpreted in the light of some considerations. The
term JIA refers to a clinically heterogeneous group of arthritides with different clinical and
patho-physiological manifestations, and the small sample size did not allow us to stratify
AMH values according to the different clinical phenotypes of JIA. Another consideration
is the stringent selection criteria of our cohort of JIA patients aged 18-30 years without a
diagnosis of ovarian failure and the exclusion of cytotoxic therapies. In addition, this is
a cross-sectional study with no data on AMH serum levels available prior to exposure to
drugs administered during the JIA course.

In conclusion, in young adult women with JIA, the disease itself and the exposure to
immunosuppressive therapies do not seem to compromise ovarian reserve as assessed by
the AMH serum levels, and this may be relevant information also in light of the transition
of JIA patients from pediatric age to adulthood [55]. Future prospective studies in larger
cohorts of JIA patients are needed to determine whether long-term use of immunosuppres-
sive therapy could influence ovarian reserve and to evaluate possible changes in AMH
serum levels before and after exposure to conventional and biologic therapies, also in light
of new treatments and strategies in disease management. Furthermore, observation of
patients in a long-term follow-up, including data on pregnancies, is necessary to evaluate
the impact on their future fertility.
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Abstract: Isoquinoline derivatives exhibit a range of biological properties, includ-
ing antibacterial activity, and are thus attractive as a scaffold for developing broad-
spectrum antibacterial compounds. A series of six isoquinoline-based compounds
were synthesized using the reaction of 6,7-dimethoxy-1-methyl-3,4-dihydroisoquinoline
with dimethyl acetylenedicarboxylate (DMAD) to provide the tricyclic (2Z)-[2-0x0-5,6-
dihydropyrrolo[2,1,a]isoquinolin-3-ylidene]-2-ethanoate. The [2 + 3] cycloaddition of
DMAD with C-6 and C-7 substituted 1-methyl-3,4-dihydroisoquinolines proceeded using
aryl ethers or unsubstituted compounds, but not with amine, amide or nitro moieties at the
C-7 position. Compounds 8d and 8f were found to have antibacterial properties against
some Gram-positive pathogens (Staphylococcus aureus—8d = 16 pg/mL, 8f = 32 pg/mL;
Streptococcus pneumonine—8f = 32 ug/mL; and Enterococcus faecium—8d = 128 pug/mL,
8f = 64 pg/mL). Evaluation of their cytotoxic properties against mammalian cell lines
revealed some cytotoxic effects (8b and 8d, 125 uM, 24 h, HEp-2 cells) and (8a, 8b,
8d =125 uM, 8f = 62.5 uM, 24 h, McCoy B cells), suggesting limitations in their antibacterial
applications without further development.

Keywords: antibacterial; isoquinoline; 3,4-dihydroisoquinoline; cytotoxicity

1. Introduction

Many bacterial pathogens are drug-resistant. A select few, known as the ESKAPE
pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumanni, Pseudomonas aeruginosa, and Enterobacter species), present a particular threat due
to their worldwide prevalence [1]. The World Health Organization (WHO) has listed
A. baumanni, P. aeruginosa, and Enterobacter species as priority pathogens requiring new
therapeutic treatments due to their resistance to carbapenem and extended spectrum f3-
lactamase resistance. Enterococcus faecium and S. aureus remain a high priority, while other
common infections, such as Streptococcus pneumoniae, are of increasing concern [2].

Very few antibacterial drugs have been approved in recent years. This has exacerbated
the need for new drugs with novel structures. The WHO has published three main criteria
that new antibiotic compounds should meet to reduce the risk of pathogens developing
antibacterial resistance. New antibacterial agents should (i) have no cross-resistance (NCR),
(ii) be a new chemical class, and (iii) target a new mode of action [3].

As of 2021, 27 antibacterial agents were in Phase I-III clinical trials that target pri-
ority pathogens, where 13 have noted activity against Gram-negative pathogens that are
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often harder to treat. However, many of these 27 drugs are either derivatives of a parent
molecular class, such as macrolides, tetracyclines, and 3-lactamase inhibitors, or combina-
torial therapeutics [4]. Molecular derivatization can be useful in the rapid development
of new antibiotics, but because the same mechanism is targeted, this typically leads to
resistance [5]. Combinatorial therapies frequently reduce the rate of resistance and, in
some cases, effectively eliminate drug resistance. However, this increases the therapeutic
complexity due to the potential of drug—-drug interactions and drug antagonism [6,7].

Recent advancements have shown that antibacterial agents can incorporate isoquino-
lines into their structures with good efficacy [8] and, in some cases, without susceptibility to
resistance in S. aureus after 30 days [9]. These include berberine, a natural product that may
interfere with FtsZ polymerization [10], an antibacterial target, and key enzyme in bacterial
replication. Isoquinoline-based N-ethyl ureas can inhibit Gram-positive and Gram-negative
pathogens and interfere with DNA gyrase and topoisomerase IV activity [11].

No approved antibacterial agents to date have utilized isoquinoline compounds,
although US Food and Drug Authority (FDA) approved drugs such as papaverine (an
antispasmodic), which has been used since the 1800s. Other examples include praziquantel
(an anthelmintic), solifenacin (an anticholinergic), and lifitegrast for dry-eye management.
The successful use of these drugs as therapeutic agents indicates that druglike molecules can
be constructed around an isoquinoline core structure. An attractive property of isoquinoline
compounds is their straightforward synthesis, which has been investigated since the late
19th century. Reported reactions for the preparation of isoquinoline compounds date
back to 1893 for the Bischler—Napieralski reaction [12] and 1911 for the Pictet-Spengler
reaction [13]. Both reactions employ intramolecular electrophilic cyclization strategies to
achieve their dihydro- and tetrahydroisoquinolines, respectively. A less common method to
access dihydroisoquinoline structures uses the intracyclic Ritter reaction [14,15]. Of direct
interest to the current work is the reported cyclization reaction that dihydroisoquinolines
compounds undergo with dimethyl acetylenedicarboxylate, affording structures of the
type shown in Figure 1 [16]. However, no biological activities have been investigated thus

far.

Compound R! R? R3
8a OCHs H H
8b H OCH: H
8¢ OCH:0 H
8d H H H
8e OCHs OCH: H
8f OCHs OCHs CHs

Figure 1. Structures of the tricyclic isoquinoline compounds investigated in this work.

The unique tricyclic core structure of these compounds was of interest to investigate
for potential antibacterial properties against a range of Gram-positive and Gram-negative
bacteria. Therefore, we sought to synthesize and evaluate the antibacterial properties of
the compounds outlined in Figure 1 and determine the scope of functional groups at R? in
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dihydroisoquinoline precursors. Each of these compounds, except 8e [16], has not been
previously reported.

2. Materials and Methods
2.1. Chemistry

Chemical reagents were purchased from Merck (Darmstadt, Germany) and used with-
out further purification, with the exception of dimethyl acetylenedicarboxylate, which was
purchased from TCI chemicals. Compounds prepared using adapted literature procedures
have the relevant citations included within the procedures below. Column chromatography
used 60-mesh silica gel (Merck). NMR spectra were recorded on an Agilent 500 MHz or
a Bruker 400 MHz spectrometer operating at 500 or 400 MHz for 'H NMR, respectively,
and 125 or 100 MHz for '3C NMR, respectively. Spectra were referenced to the residual
non-deuterated solvent signal using either CDCl3 (*H & 7.26, 13C § 77.00) or DMSO-d,
(*H & 2.50, 13C § 39.52). Multiplicity was assigned as singlet (s), doublet (d), triplet (t),
quartet (q), quintet (quin), sextet (sxt), or multiplet (m). High-resolution mass spectra
(HRMS) were recorded on an Agilent Technologies 6510 Q-TOF MS. Compound purity
was confirmed to be >95% prior to biological assays using quantitative NMR spectroscopy
(see Supplementary Materials). Schemes 1-3 (see Section 3.1) provide an outline of the
synthetic routes described in detail below.

0
R! : /U\H (i) R@A/Noz (il R1]©/\/NH2
R? R? R? 4a-c
2a-c 3a-c
l(iii)
R! R® H
HyCO Z ) (v R N
R I G ¢
H;CO R R? o)
6 Ta-f 5a-e
Compound R? R? R3
7a OCHs H H
7b H OCHs H
7c OCH:0 H
7d H H H
7e OCHs OCHs H
7f OCHs OCHs CHs

Scheme 1. Synthesis of compounds 7a—f. Conditions: (i) CH;COOH, NH4;CH3COO (1.1 equiv.),
CH3NO; (3 equiv.), reflux, 4 h (ii) THF, LiAlH4 (3 equiv.), reflux, 3 h (iii) CH,Cl,, CH3COCl
(1.5 equiv.), NEt3 (2 equiv.), r.t., 2 h (iv) for 7a—e only: P,Os5 (1.5 w/w), POCl3 (3 equiv.), toluene,
110 °C, 2-16 h. (v) for 7f only: CH3CN (25 equiv.), H,SO, /benzene (3:4), r.t., 3 h.

@) (ii) @iy 9
CO =, 00 = 00 = 3 OO
7d 9 10 H 14

Scheme 2. Synthesis of compounds 9-11. Conditions: (i) KNO;3 (1.1 equiv.), HySOy, 60 °C, 4 h
(i) SnCl, (4 equiv.), HCI (32%), EtOH, 60 °C, 2 h (iii) CH;COOH (1 equiv.), CDI (1.2 equiv.), THE, N,
rt.,2h.
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? R! RS
H 0]
CHso/ OCHs 4 Rm —
O DMAD 7af

Scheme 3. Synthesis of compounds 8a—f, and attempted cyclisation reactions with compounds 9 and
11. Conditions: (i) DMAD (1.5 equiv.), methanol (see Section 2).

2.1.1. Synthesis of 3-Methoxybenzaldehyde (2)

3-Hydroxybenzaldehyde (1) (5.00 g, 40.9 mmol) was dissolved in anhydrous acetone
(30 mL), to which potassium carbonate (11.82 g, 2 equiv.) was added, and stirred at room
temperature for five minutes. Methyl iodide (8.72 g, 3.82 mL, 1.5 equiv.) was added, and
the reaction was heated under reflux for three hours. Volatiles were removed with reduced
pressure, and water (50 mL) was added. The aqueous phase was washed with chloroform
(2 x 25 mL), and the combined organic extracts were washed with water (50 mL) and
brine (50 mL) and then dried using anhydrous potassium carbonate. The solvent was
removed with reduced pressure, affording a light orange liquid that was used without
further purification. Spectral data were consistent with reported values [17]. 'H NMR:
(500 MHz, CDCl3) 6 9.97 (s, 1H, CHO), 7.44 (m, 2H, H-4, 6), 7.39 (d, ] = 2.0 Hz, 1H, H-2),
7.17 (dt, ] = 6.5, 2.5 Hz, 1H, H-5). 13C NMR: (125 MHz, CDCl3) § 192.1, 160.1, 137.8, 130.0,
123.5,121.5,112.0, 55.5.

2.1.2. General Procedure for the Synthesis of Nitrostyrene Compounds (3a-3c)

The general procedure for the synthesis of nitrostyrenes from arylaldehydes (2a—c)
was adapted from a literature procedure [18]. The respective aldehyde was dissolved in
glacial acetic acid (5 mL/g), to which nitromethane (3 equiv.) and ammonium acetate
(1.1 equiv.) were added. The solution was heated under reflux for three hours, then poured
into a beaker of crushed ice (50 g), and then filtered once all the ice had melted. The bright
yellow cake was washed with water (2 x 20 mL) and recrystallized from ethanol to afford
bright yellow needles.

e  3-Methoxy-f-nitrostyrene (3a) (6.80 g, 93%) from 3-hydroxybenzaldehyde over two
steps. 'H NMR: (500 MHz, CDCl3) § 7.97 (d, ] = 14.0 Hz, 1H, H-2), 7.57 (d, ] = 13.5 Hz,
1H, H-1), 7.36 (dd, ] = 9.0, 7.5 Hz, 1H, H-5), 7.05-7.03 (m, 2H, 2H-Ar), 3.85 (s, 3H,
OCHj3;). 13C NMR: (125 MHz, CDCl3) § 160.1, 139.0, 137.3, 131.3, 130.4, 121.7, 117.9,
114.0, 55.4. Spectral data were consistent with reported values [19].

o  4-Methoxy-p-nitrostyrene (3b) (5.21 g, 79%). 'H NMR: (500 MHz, CDCl3) § 7.90 (d,
J =13.5 Hz, 1H, H-2'), 7.51 (d, ] = 13.5 Hz, 1H, H-1"), 7.49 (d, | = 9.0 Hz, 2H, H-2,
6), 6.95 (d, ] = 9.0 Hz, 2H, H-3, 5), 3.86 (s, 3H, OCHj3). 3C NMR: (125 MHz, CDCl5)
5162.9,139.0,135.0131.1, 122.5, 114.9, 55.5. Spectral data were consistent with reported
values [20].

e  3,4-Dimethoxy-p-nitrostyrene (3¢c) (2.75 g, 71%) I'H NMR: (500 MHz, CDCl3) 6 7.93 (d,
J =13.5Hz, 1H, H-2'), 7.47 (d, ] = 13.0 Hz, 1H, H-1’), 7.07 (dd, ] = 8.0, 1.5 Hz, 1H, H-6),
7.00 (d, ] = 1.0 Hz, 1H, H-2), 6.87 (d, ] = 8.0 Hz, 1H, H-5), 6.06 (s, 2H, CH,). >*C NMR:
(125 MHz, CDCl3) 6 151.4, 148.8, 139.1, 135.4, 126.6, 124.2, 109.1, 107.0, 102.0. Spectral
data were consistent with reported values [21].

2.1.3. General Procedure for the Synthesis of Phenylethylamines (4a—c)

The general procedure for synthesizing phenylethylamines from nitrostyrenes (3a—c)
was adapted from a literature procedure [22]. The respective nitrostyrene was dissolved in
anhydrous tetrahydrofuran (c.a. 5 mL/g) and added dropwise at a rate of approximately
1 mL/minute to a stirring slurry of lithium aluminum hydride (3 equiv.) in tetrahydrofuran
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(5-10 mL/g) at 0 °C under a nitrogen atmosphere. After the addition, the reaction was
heated under reflux for three hours and then cooled to 0 °C. Aqueous hydrochloric acid
(1 M) was added slowly with stirring under nitrogen until bubbling subsided and the pH
was <1 (typically 20-30 mL). The aqueous phase was then washed with dichloromethane
(3 x 30 mL). The aqueous phase was cooled to 0-5 °C with an ice bath and stirred vigor-
ously. Sodium hydroxide pellets were slowly added until the pH was >11 and a white
precipitate appeared. The solution was vacuum-filtered, and the filtrate was washed with
dichloromethane (3 x 30 mL). The combined organic extracts were washed sequentially with
saturated potassium sodium tartrate (50 mL), water (50 mL), and brine (50 mL) and then
dried using anhydrous sodium carbonate. The solvent was removed with reduced pressure
to afford the desired amine as a yellow oil and was used without further purification.

e  2-(3-Methoxyphenyl)ethylamine (4a) Yellow oil (2.00 g, 35%). 'H NMR: (500 MHz,
CDCly): 8 7.22 (t, ] = 7.5 Hz, 1H H-3), 6.79 (d ] = 7.5 Hz, H-2), 6.77-6.76 (m, 1H, H-4),
6.75 (s, 1H, H-6), 3.80 (s, 3H, OCH3), 2.97 (t, ] = 7.0 Hz, 2H, H-1"),2.73 (t, ] = 7.0 Hz,
2H, H-1'). 13C NMR: (125 MHz, CDCl3) § 159.7, 141.4, 129.4, 121.2, 114.6, 111.4, 55.1,
43.4, 40.0. Spectral data were consistent with reported values [23].

e  2-(4-Methoxyphenyl)ethylamine (4b) Yellow oil (2.13 g, 63%). 'H NMR (500 MHz,
CDCl3) 6 7.11 (d, ] =9.0 Hz, 2H, H-2, 6), 6.84 (d, | = 8.5 Hz, 2H, H-3, 5), 3.78 (s, 3H,
OCHj3),2.92 (t, ] = 7.0 Hz, 2H, H-2'), 2.68 (t, ] = 7.0 Hz, 2H, H-1"). 13C NMR (125 MHz,
CDCls) 6 158.0, 131.8,129.7, 133.8, 55.2, 43.7, 39.1. Spectral data were consistent with
reported values [24].

e  2-(3,4-Methylenedioxyphenyl)ethylamine (4c) Pale yellow oil (0.731 g, 71%). 'H NMR
(500 MHz, CDCl3) 6 6.73 (d, ] = 8.0 Hz, 1H, H-5), 6.68 (d, ] = 2.0 Hz, 1H, H-2), 6.63
(dd, ] = 8.0,1.5 Hz, 1H, H-6), 5.91 (s, 2H, OCH,0), 2.90 (t, ] = 7.0 Hz, 2H, H-2'), 2.65 (t,
J =7.0 Hz, 2H, H-1') (NH, Not observed). 13C NMR (125 MHz, CDCls) 5 147.6, 145.8,
133.5121.6,109.1, 108.1, 100.7, 43.6, 39.7. Spectral data were consistent with reported
values [21].

2.1.4. General Procedure for the Synthesis of N-Phenylethylacetamides (5a—e)

The respective phenylethylamine* was dissolved in anhydrous chloroform (25 mL/g)
and cooled to 0 °C. Acetyl chloride (1.5 equiv.) was added dropwise over one minute
with stirring and maintaining temperature. Triethylamine (2 equiv.) was added dropwise
with vigorous stirring over five minutes and then warmed slowly to room temperature
and stirred for two to three hours. Water (50 mL) was added and stirred vigorously for
five minutes. Then, the aqueous layer was removed. The organic phase was washed
sequentially with water (2 x 50 mL) and brine (50 mL) and dried using anhydrous sodium
carbonate. The solvent was removed with reduced pressure and purified using silica gel
column chromatography where specified. (For 5d, commercially available hydrochloride
salt was used. Three equivalents of triethylamine were used to generate the free base in
situ).

e N-[2-(3-Methoxyphenyl)ethyl]acetamide (5a) The dark oil was purified by gradient
silica gel column chromatography (50-100% ethyl acetate in hexane) to afford a yellow
oil (1.86 g, 74%). 'H NMR: (500 MHz, CDCl3) § 7.23 (t, ] = 7.5 Hz, 1H, H-3), 6.77 (d,
J =8.0 Hz, 2H, H-2,4) 6.74 (s, 1H, H-6), 5.50 (br s, 1H, NH), 3.80 (s, 3H, OCH3), 3.51 (q,
] =6.5Hz, 2H, H-1"),2.79 (t, ] = 7.0 Hz, 2H, H-1'), 1.94 (s, 3H, NHCOCHj3;). 1*C NMR:
(125 MHz, CDCl3) § 170.0, 159.8, 140.4, 129.6, 121.0, 114.4, 111.8, 55.2, 40.5, 35.6, 23.3.
Spectral data were consistent with reported values [23].

e  N-[2-(4-Methoxyphenyl)ethyl]acetamide (5b) The dark oil was purified by gradient
silica gel column chromatography (40-100% ethyl acetate in hexane) to afford a light
yellow solid (2.08 g, 77%). 'H NMR: (500 MHz, CDCl3) § 7.11 (dt, ] = 6.5, 1.5 Hz, 2H,
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H-2, 6), 6.85 (dt, ] = 7.0 Hz, 1.5 Hz, 2H, H-3, 5), 5.52 (br s, 1H, NH), 3.79 (s, 3H, OCH3s),
3.46 (q, ] =7.0 Hz, 2H, H-2'), 2.75 (t, ] = 7.0 Hz, 2H, H-1'), 1.93 (s, 3H, NHCOCH3).
13C NMR: (125 MHz, CDCl3) § 170.0, 158.2, 130.8, 129.6, 114.0, 55.2, 40.8, 34.7, 23.3.
Spectral data were consistent with reported values [25].

e  N-[2-(3,4-Methylenedioxyphenyl)ethyl]acetamide (5¢) Pale yellow solid (0.543 g, 96%)
was used, requiring no further purification. 1H NMR (500 MHz, CDCl3) 6 6.74 (d,
] =8.0 Hz, 1H, H-5), 6.67 (d, ] = 2.0 Hz, 1H, H-2), 6.62 (dd, ] = 8.0, 2.0 Hz, 1H, H-6), 5.93
(s, 2H, OCH;0), 5.50 (br s. 1H, NH), 3.45 (q, ] = 7.0 Hz, 2H, H-2"),2.72 (t, ] = 7.0 Hz,
2H, H-1'), 1.95 (s, 3H, CH3). 13C NMR (125 MHz, CDCl) 5 170.0, 147.8, 146.2, 132.6,
121.6,109.0, 108.4, 100.9, 40.8, 35.3, 23.3 Spectral data were consistent with reported
values [26].

e  N-(2-Phenyl)ethylacetamide (5d) Brown solid requiring no further purification (2.84 g,
>99%). 'H NMR: (500 MHz, CDCl3) § 7.28 (t, ] = 7.5 Hz, 2H, 2Ar), 7.20 (d, ] = 7.5 Hz,
1H, H-4), 7.17 (t, ] = 7.5 Hz, 2H, 2Ar), 6.09 (br s, 1H, NH), 3.46 (q, ] = 7.5 Hz, 2H, H-2'),
2.79 (t, ] = 7.5 Hz, 2H, H-1"), 1.90 (s, 3H, CH3). 3C NMR: (125 MHz, CDCl3) § 170.0,
138.8,128.7, 128.6, 126.5, 40.6, 35.6, 23.3. Spectral data were consistent with reported
values [27].

e  N-[2-(3,4-Dimethyoxyphenyl)ethyl]acetamide (5e) Yellow solid (3.70 g, >99%). 'H
NMR: (500 MHz, CDCl3) 6 6.80-6.79 (m, 1H, H-Ar), 6.72 (m, 2H, 2Ar), 5.56 (br s, 1H,
NH), 3.86 (s, 6H, 2 x OCHj3), 348 (q, ] = 7.0 Hz, 2H, H-1"), 2.75 (t, ] = 7.0 Hz, 2H,
H-2'),1.93 (s, 3H, COCHj3). 13C NMR: (125 MHz, CDCl3) § 170.0, 149.0, 147.7,131.3,
129.6,111.8,111.4,111.3, 55.9, 55.8, 40.7, 35.1, 23.3. Spectral data were consistent with
reported values [28].

2.1.5. General Procedure for the Synthesis of 1-Methyl-3,4-dihydroisoquinolines (6a—e)

The respective N-(1-phenylethyl)acetamide (5a—d) was dissolved in anhydrous toluene
(10 mL/g) (except 5e, which was dissolved in anhydrous acetonitrile), to which phosphorus
pentoxide (1.5 w/w) and phosphorus oxychloride (3 equiv.) were added, and heated under
reflux for the duration specified below. The solution was cooled to 0 °C, poured onto
crushed ice (c.a. 20 g), and stirred vigorously for five minutes. The mixture was transferred
to a separatory funnel, and the aqueous layer was removed. Then, the organic phase was
washed with an additional portion of water (30 mL). The combined aqueous extracts were
washed with dichloromethane (2 x 20 mL), and then the aqueous phase was cooled to 0 °C
and stirred vigorously. Sodium hydroxide pellets were slowly added to the solution until
the pH was >10, and then the mixture was extracted with dichloromethane (3 x 30 mL).
The combined extracts were washed sequentially with water (50 mL) and brine (50 mL) and
dried using anhydrous sodium carbonate. Products that required purification were purified
by silica gel column chromatography with 0-25% methanol in ethyl acetate (Table 1).

Table 1. Reaction times used in the synthesis of compounds 7a—e from 5a—e.

Compound Reaction Time (h)
7a 4
7b 16
7c 24
7d 3
7e 3

e  6-Methoxy-1-methyl-3,4-dihydroisoquinoline (7a) Yellow oil (1.06 g, 65%). 'H NMR:
(500 MHz, CDCl3) & 7.41 (d, ] = 8.5 Hz, 1H, H-8), 6.78 (dd, | = 8.5, 2.0 Hz, 1H, H-7),
6.70 (br s, 1H, H-5), 3.83 (s, 3H, OCH3), 3.62, (t, ] = 7.5 Hz, 2H, H-3), 2.68 (t, ] = 7.5 Hz,
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2H, H-4), 2.34 (br s, 3H, H-1'). 3C NMR: (125 MHz, CDCl3) § 164.0, 131.1, 139.6, 128.2,
123.1,112.7,111.8, 55.3, 46.7, 26.6, 23.2. Spectral data were consistent with reported
values [29].

e  7-Methoxy-1-methyl-3,4-dihydroisoquinoline (7b) Yellow oil (0.430 g, 24%). 'H NMR:
(500 MHz, CDCl3) 7.09 (d, ] = 8.5 Hz, 1H, H-5), 7.02 (d, ] = 2.5 Hz, 1H, H-8), 6.90 (dd,
] = 85,25 Hz, 1H, H-7), 3.82 (s, 3H, OCHj3), 3.64 (tq, | = 7.5, 1.5 Hz, 2H, H-3), 2.63
(t, ] = 7.5 Hz, 2H, H-4), 2.37 (t, ] = 1.5 Hz, 3H, H-1'). 13C NMR: (125 MHz, CDCl5)
5164.2,158.4,130.2,129.4,128.1,115.6, 111.4, 55.4, 47.2, 25.1, 23.2. Spectral data were
consistent with reported values [30].

e  6,7-Methylenedioxy-1-methyl-3,4-dihydroisoquinoline (7c) Brown solid that was used
without further purification (0.450 g, 62%). I'H NMR: (500 MHz, CDCl3) § 6.97 (s, 1H,
H-8), 6.66 (s, 1H, H-5), 5.97 (s, 2H, OCH,0), 3.59 (td, ] = 7.5, 1.5 Hz, 2H, H-3), 2.60 (t,
J =7.5Hz, 2H, H-4),2.32 (t, ] = 1.5 Hz, 3H, H-1'). 13C NMR: (125 MHz, CDCl3) § 163.5,
146.3, 132.8, 123.7, 107.8, 106.0, 101.2, 46.9, 26.3, 23.6. Spectral data were consistent
with reported values [31].

e  Methyl-3,4-dihydroisoquinoline (7d) Brown oil required no further purification.
(0.635 g, 74%). 'H NMR: (500 MHz, CDCl3) & 7.47 (dd, ] = 7.5, 1.5 Hz, 1H, H-Ar)
7.34 (td, ] =7.5,1.5 Hz, 1H, H-Ar), 7.30 (td, ] = 7.5, 1.5 Hz, 1H, H-Ar), 7.17, (dd, | = 7.5,
1.5, 1H, H-Ar), 3.66 (tq, ] = 7.5, 1.5 Hz, 2H, H-3), 2.70 (t, ] = 7.5 Hz, 2H, H-4), 2.38 (s,
3H, CH3). 13C NMR (125 MHz, CDCl3) 5 164.3, 137.4, 130.5, 129.5, 127.4, 126.8, 125.3,
46.9, 26.0, 23.3. Spectral data were consistent with reported values [32].

e  6,7-Dimethoxy-1-methyl-3,4-dihydroisoquinoline (7e) Brown oil was used in the next
reaction step without further purification (2.40 g, 72%). H NMR: (500 MHz, CDCl3)
5 6.98 (s, 1H, H-8), 6.68 (s, 1H, H-5), 3.90 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 3.62 (td,
J =75, 1.5 Hz, 2H, H-3), 2.63 (t, ] = 7.5 Hz, 2H, H-4) 2.36 (s, 3H, CH3). '3C NMR:
(125 MHz, CDCl3) 6 163.9, 151.0, 147.5, 131.2, 122.3, 110.2, 109.1, 56.2, 56.0, 46.8, 25.7,
23.3. Spectral data were consistent with reported values [33].

2.1.6. Synthesis of (£)-6,7-Dimethoxy-1,3-dimethyl-3,4-dihydroisoquinoline (7f)

Anhydrous acetonitrile (35.6 mL, 25 equiv.) was cooled in a flask to —10 °C using
an ice bath with sodium chloride. Sulfuric acid (98%, 15.0 mL) was added dropwise and
stirred for two minutes. Then, methyl eugenol (6) (4.90 g, 27.5 mmol) was added dropwise
as a mixture in benzene (20 mL), and the flask was fitted with a drying tube. The reaction
mixture was warmed to room temperature over one hour and stirred for another two hours.
Water (20 mL) was then added, and the mixture was washed with diethyl ether (20 mL)
twice, allowing ten minutes of vigorous stirring for each wash. The aqueous layer was
cooled in an ice bath and basified with aqueous sodium hydroxide (4 M). The mixture was
then washed with chloroform (3 x 20 mL), and the combined extracts were washed with
brine (50 mL) and dried using anhydrous sodium sulfate. The solvent was then removed in
vacuo, and the product was used without further purification. Yellow oil (3.58 g, 16.3 mmol,
59%). 'H NMR: (500 MHz, CDCl3) 6 6.93 (s, 1H, H-5), 6.61 (s, 1H, H-8), 3.86 (s, 3H, -OCHj3),
3.84 (s, 3H, -OCH3), 3.47-3.42 (m, 1H, H-3), 2.58 (dd, ] = 5.5, 15.5 Hz, 1H, H-4a), 2.35 (dd,
J =13.0, 15.5 Hz, 1H, H-4b), 2.30 (d, ] = 2.0 Hz, 3H, H-1'), 1.36 (d, | = 6.5 Hz, 3H, H-3').
13C NMR: (100 MHz, CDCl3) § 162.8, 150.8, 147.4, 130.9, 122.1, 110.3, 108.9, 56.2, 55.9, 51.9,
33.1, 23.3,21.9. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for C13H19NO, 220.1332; found
220.1339.

2.1.7. Synthesis of 7-Nitro-1-methyl-3,4-dihydroisoquinoline (9)

This compound was prepared from 5d using a literature method [34] to afford a pink
solid that was used without further purification (0.508 g, 79%). 'H NMR: (500 MHz, CDCl3)
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5 8.32(d, ] =2.0 Hz, 1H, H-8), 8.22 (dd ] = 8.0, 2.5 Hz, 1H, H-6), 7.37 (t, ] = 8.5 Hz, 1H,
H-5),3.74 (tq, ] =7.5,1.5 Hz, 2H, H-4), 2.82 (t, 3H, | = 8.0 Hz, H-3), 2.47 (t, ] = 7.5 Hz, 3H,
CH3).13C NMR: (125 MHz, CDCl3) § 162.5, 144.7, 130.0. 128.5, 125.2, 120.1, 46.3, 26.1, 23.2.
Spectral data were consistent with reported values.

2.1.8. Synthesis of 7-Amino-1-methyl-3,4-dihydroisoquinoline (10)

This method was adapted from a literature procedure [35]. Compound 9 (0.500 g,
2.65 mmol) was dissolved in ethanol (50 mL), to which tin(II) chloride dihydrate (2.72 g,
4 equiv.) and hydrochloric acid (32%, 5 mL) were added, and stirred at 60 °C for two hours.
The reaction mixture was poured onto crushed ice (30 g) and washed with chloroform
(2 x 20 mL). The aqueous phase was then basified with chilled aqueous sodium hydroxide
(4 M) and extracted with chloroform (2 x 20 mL). The combined extracts were washed
with water (50 mL) and brine (50 mL), dried using anhydrous sodium carbonate, and
concentrated with reduced pressure to afford a brown solid that was used without further
purification. 'H NMR: (500 MHz, CDCl3) § 6.97 (d, ] = 7.5 Hz, 1H, H-5), 6.82 (d ] = 2.5 Hz,
1H, H-8), 6.70 (dd, ] = 8.0, 2.5 Hz, 1H, H-6), 3.66 (br s, 2H, NH,), 3.62 (tq, 2H, ] = 7.5, 1.5 Hz,
H-3), 2.58 (t, 8.0 Hz, 2H, H-4) 2.47 (t, ] = 8.0 Hz, 3H, CH3). 13C NMR: (125 MHz, CDCl3)
5164.3,145.1,130.2,128.1, 127.4,117.2,112.1, 47.5, 25.1, 23.3. Spectral data were consistent
with reported values.

2.1.9. Synthesis of 7-Acetamido-3,4-dihydro-1-methylisoquinoline Synthesis (11)

Acetic acid (188 mg, 179 uL, 1 equiv.) was dissolved in dry tetrahydrofuran (10 mL),
to which carbonyl diimidazole (607 mg, 1.2 equiv.) was added, and stirred in a nitrogen
atmosphere for two hours. The solution was transferred to a mixture of compound 10
(0.500 g, 3.12 mmol, 1 equiv.) in dry tetrahydrofuran (10 mL) and left to stir for 22 h at
room temperature under a nitrogen atmosphere. The solvent was removed with reduced
pressure, diluted with aqueous hydrochloric acid (20 mL, 0.25 M), and then washed with
chloroform (20 mL). The aqueous phase was basified with aqueous sodium hydroxide
(1 M) and extracted with chloroform (3 x 20 mL). The extracts were combined and washed
sequentially with water (30 mL) and brine (50 mL), dried using anhydrous potassium
carbonate, and then concentrated with reduced pressure to afford a dark yellow wax that
was used without further purification. 'H NMR: (400 MHz, CDCl3) § 8.61 (br s, 1H, NH),
7.73 (d, ] = 1.6 Hz, H-8), 7.45 (dd, | = 1.6, 8.0 Hz, 1H, H-6), 7.08 (d, ] = 8.4 Hz, 1H, H 5),
3.61 (t, ] = 7.2 Hz, 2H, H-3), 2.63 (t, ] = 7.6 Hz, 2H, H-4), 2.30 (s, 3H, H-1'), 2.15 (s, 3H,
NHCOCHS3;). 13C NMR: (100 MHz, CDCl3) 6 168.9, 164.4, 137.1, 133.0, 129.6, 127.7, 122.3,
117.4, 46.7, 25.4, 24.2, 23.0. HRMS (ESI/Q-TOF) m/z: [M + H]* Caled for C;oH1N2Oy
203.1177; found 203.1179.

2.1.10. Synthesis of Methyl
(2Z)-[2-0x0-5,6-dihydropyrrolo[2,1,a]isoquinolin-3-ylidene]-2-ethanoates (8a—f)

Compounds 8a-f were synthesized using an adapted literature procedure [16]. The re-
spective dihydroisoquinoline 7a-f was dissolved in methanol (10 mL), to which DMAD
(1.5 equiv.) was added dropwise, and stirred at room temperature for the duration specified
below. Reactions that formed bright red precipitates were filtered, and those that did
not were concentrated with reduced pressure. Crude products were purified by silica gel
column chromatography, with mobile phases specified for each compound except for 8e,
which was triturated with cold diethyl ether (2 x 5 mL) (Table 2).
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Table 2. Reaction times used in the synthesis of compounds 8a—f from 7a—f.

Compound Reaction Time (h)
8a 1
8b 16
8¢ 12
8d 16
8e 2
8f 16

Methyl (2Z)-8-methoxy-[2-ox0-5,6-dihydropyrrolo[2,1,a]isoquinolin-3-ylidene]-2-
ethanoate (8a) (20-100% ethyl acetate in hexane) to afford a bright red/orange solid
(0.817 g, 52%). 'H NMR: (500 MHz, CDCl3) § 7.66 (d, ] = 8.5 Hz, 1H, H-8), 6.90 (d,
J=9.0Hz, 1H, H-7), 6.80 (br s, 1H, H-5), 6.05 (s, 1H, C=CH), 5.73 (s, 1H, C=CH), 4.31
(t,J] =6.5Hz, 2H, H-3), 3.89 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.10 (t, ] = 6.5 Hz, 2H,
H-4). 3C NMR: (125 MHz, CDCl3) § 187.0, 166.5, 166.3, 163.2, 143.4, 138.9, 130.4, 117.6,
114.1, 113.3,98.6, 94.3, 55.6, 51.9, 42.2, 29.0. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd
for C16H16NO4 286.1073; found 286.1110. m.p. 150 °C (decomp.)

Methyl (2Z)-9-methoxy-[2-ox0-5,6-dihydropyrrolo[2,1,a]isoquinolin-3-ylidene]-2-
ethanoate (8b) (2040% ethyl acetate in hexane) to afford the desired product as
a bright red solid (0.070 g, 11%). 'H NMR: (500 MHz, CDCl3) § 7.21 (d, ] = 8.0 Hz, 1H,
H-5), 7.16 (d, ] = 2.5 Hz, 1H, H-8), 7.05 (dd, ] = 8.0, 2.5 Hz), 6.05 (s, 1H, C=CH), 5.78 (s,
1H, C=CH), 4.27 (t, ] = 6.0 Hz, 2H, H-3), 3.85 (s, 3H, OCH3), 3.78 (s, 3H, OCH3), 3.04 (t,
J = 6.0 Hz, 2H, H-4). 13C NMR: (125 MHz, CDCl3) 5 187.5, 166.3, 166.1, 158.7, 142.8,
129.7,128.8, 125.7, 119.4, 111.9, 99.3, 95.7, 55.5, 51.9, 42.5, 27.9. HRMS (ESI/Q-TOF)
m/z: [M + H]* Caled for C16H14NO4 286.1073; found 286.1099. m.p. 151 °C (decomp.)
Methyl  (2Z)-8,9-methylenedioxy-[2-ox0-5,6-dihydropyrrolo[2,1,alisoquinolin-3-
ylidene]-2-ethanoate (8c) (9:1 dichloromethane/ethyl acetate) affording a bright red
solid (0.162 g, 24%). 'H NMR: (500 MHz, CDCl3) & 7.09 (s, 1H, H-8), 6.75 (s, 1H, H-5),
6.06 (s, 2H, OCH,0), 6.03 (s, 1H, C=CH), 5.67 (s, 1H, C=CH), 4.28 (t, ] = 6.5 Hz, 2H,
H-3), 3.78 (s, 3H, OCH3), 3.04 (t, ] = 6.5 Hz, 3H, H-4). 13C NMR: (125 MHz, CDCl3)
5187.1,166.5,166.0, 151.8, 147.4, 147.4, 143.3, 133.0, 118.5, 108.6, 107.1, 102.0, 98.7, 94.9,
51.9,42.2,29.0. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd for C14H14NO5 300.0866;
found 300.0850. m.p. 199 °C (decomp.)

Methyl (2Z)-[2-0x0-5,6-dihydropyrrolo[2,1,a]isoquinolin-3-ylidene]-2-ethanoate (8d)
(20-40% ethyl acetate in hexane) to afford a bright red solid (0.080 g, 18%). 'H NMR:
(500 MHz, CDCl3) 6 7.71 (d, | = 7.5 Hz, 1H, H-8), 7.48 (t, ] = 7.5 Hz, 1H, H-7), 7.37
(t,J=7.0Hz, 1H, H-6), 7.31 (d, ] = 7.5 Hz, 1H, H-5), 6.06 (s, 1H, C=CH), 5.82 (s, 1H,
C=CH), 4.31 (t, ] = 6.0 Hz, 2H, H-3), 3.78 (s, 3H, OCH3), 3.12 (t, ] = 6.0 Hz, 2H, H-4).
13C NMR: (125 MHz, CDCl3) & 187.5, 166.4, 166.2, 142.8, 136.4, 132.6, 128.6, 128.1, 127 4,
124.9,99.3, 95.6, 51.9, 42.3, 28.7. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd C15H14NO3
256.0968; found 256.1009. m.p. 138 °C (decomp.)

Methyl (27)-8,9-dimethoxy-[2-0x0-5,6-dihydropyrrolo[2,1,a]isoquinolin-3-ylidene]-
2-ethanoate (8e) Triturated with diethyl ether to afford a bright red solid (0.416 g, 83%).
'H NMR: (500 MHz, CDCl3) § 7.09 (s, 1H, H-8), 6.76 (s, 1H, H-8), 6.03 (s, 1H, C=CH),
5.70 (s, 1H, C=CH), 4.31 (t, ] = 6.5 Hz, 2H, H-3), 3.96 (s, 3H, OCHj3), 3.92 (s, 3H, OCH3),
3.78 (s, 3H, OCH3), 3.06 (t, ] = 6.5 Hz, 2H, H-4). 13C NMR: (125 MHz, CDCl53) 5 187.0,
166.5, 166.1, 153.2, 148.5, 143.5, 131.2, 117.1, 110.8, 109.8, 98.5, 94.5, 56.2, 56.2, 51.9, 42.3,
28.4. HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd C17H18NO5 316.1179; found 316.1183.
Spectral data were consistent with reported values [16].
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e  (£)-Methyl (2Z)-8,9-dimethoxy-[2-0x0-5-methyl-5,6-dihydropyrrolo[2,1,a] isoquinolin-
3-ylidene]-2-ethanoate (8f) Compound 7f (0.200 g, 1.26 mmol) was dissolved in anhy-
drous methanol (10 mL) and stirred in a flask at room temperature. DMAD (194 uL,
168 mg, 1.1 equiv.) was added and stirred for 16 h at room temperature. The product
precipitated out of the solution as the reaction progressed and was cooled in an ice
bath and then filtered. The solid was then washed with cold diethyl ether and dried
to give a bright red powder (0.084 g, 28%). 'H NMR: (400 MHz, CDCl3) § 7.09 (s, 1H,
H-6), 6.74 (s, 1H, H-9), 6.05 (s, 1H, H-4"), 5.71 (s, 1H, H-1"), 5.57-5.54 (m, 1H, H-3),
3.96 (s, 3H, -OCH3), 3.93 (s, 3H, -OCH3), 3.78 (s, 3H, -OCH3), 3.42 (dd, | = 6.4, 16.4 Hz,
1H, H-4a), 2.72 (dd, ] = 1.6, 16.4 Hz, 1H, H-4b), 1.09 (d, ] = 6.8 Hz, 3H, H-3'). 13C NMR:
(100 MHz, CDCl3) 5 187.1, 166.4, 164.8, 153.5, 148.3, 142.3, 129.2, 116.6, 111.6, 109.7,
98.6,94.8, 56.2, 56.1, 51.9, 47.4, 34.4, 18.0 HRMS (ESI/Q-TOF) m/z: [M + H]* Calcd
C18H21NO5 330.1336; found 330.1343. m.p. 189 °C (decomp.)

2.2. Biological Studies
2.2.1. MIC Evaluation for Other Bacterial Species (Microdilution Assay)

The MIC was determined by broth microdilution according to Clinical Laboratory
Standards Institute guidelines and performed in biological triplicate [36]. The respec-
tive pathogen was streaked onto an agar plate of cation-adjusted Mueller-Hinton broth
(CAMHB) and allowed to incubate at 37 °C for 16 h. A single colony was suspended in
10 mL of CAMHB media (with the exception of Enterococcus faecium, where Brain-heart
infusion media were used) and incubated at 37 °C for 16 h.

The respective drug concentration (or DMSO solvent control) was added to each well
of a 96-well plate in media (95 uL), to which 5 uL of the pathogen suspended in media was
added (5 x 10° CFU/mL). The plate was covered with a sealing film and incubated at 37 °C
for 24 h. The absorbance of each well was analyzed on a TECAN Spark 10M plate reader
at a wavelength of 600 nm (ODggg). Growth inhibition was calculated using Microsoft

1™ relative to uninhibited controls, using the following equation. Compounds that

Exce
reduced the ODgyy by >90% relative to vehicle controls were considered active for the
tested concentration.

Absorbance prye — Absorbance pfeq; trol
Bacterial inhibition(%) = 8 ocq oo

Absorbance Vehicle control — Absorbance Media control

2.2.2. Cytotoxicity Assay (MTS)

The MTS assay was performed according to a reported protocol [37]. HEp-2 (human
epithelial type 2, ATCC® CCL-23) or McCoy B (mouse fibroblast, ATCC® CRL-1696) cells
were grown to 80-100% confluence, and cell density was determined with a hemocytometer.
Cells were then diluted to 1 x 10° cells/mL, and 100 puL was added to each well in a 96-well
plate, with three wells left as controls. Cells were grown for 24 h, and the media were
removed and then replaced with fresh media containing 0.1% DMSO and the drug for
testing in triplicate. Drugs and cells were incubated for 24 h, and then 20 uL of MTS
and PMS solution was added and incubated for a further four hours. Absorbance was
measured at 490 nm on a TECAN M200 Infinite plate reader, and data were processed
using Microsoft Excel™ with the following equation to determine cell viability relative to
DMSO controls. Then, statistical analysis was performed using GraphPad PRISM version
8.0.1. Statistical significance was determined using Tukey’s one-way analysis of variance
(ANOVA), followed by Tukey’s post hoc test, with p < 0.05 considered significant.

Absorbance pryg — Absorbancepye

Cell viability (%) = Absorbancepyso — Absorbancepye
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3. Results and Discussion
3.1. Design and Synthesis of Tricyclic Isoquinolines

We designed and synthesized a small library of new tricyclic isoquinoline structures
using 3,4-dihydro-1-methylisoquinoline compounds as substrates for [2 + 3] cyclization
reactions with dimethyl acetylenedicarboxylate (DMAD) [16]. The Bischler-Napieralski
reaction was used to access the intermediate dihydroisoquinolines 7a—e, and an intracyclic
Ritter reaction was used to access compound 7f.

Scheme 1 outlines the synthesis of key compounds in this investigation. Compound
2a was prepared from methylation of 3-hydroxybenzaldehyde (1). Then, aryl-aldehydes
(2a—c) were reacted with nitromethane to afford the corresponding nitrostyrene compounds
(3a—c), which were subsequently reduced with lithium aluminum hydride to the corre-
sponding phenylethylamine compounds (4a—c). Acylation with acetyl chloride afforded
the corresponding amides (5a—e), which were cyclized to the dihydroisoquinolines com-
pounds (7a-7e) using phosphoryl chloride and phosphorus pentoxide. Compound 7f was
synthesized from the intracyclic Ritter reaction using methyl eugenol (6) and acetonitrile
under strongly acidic conditions.

Compound 7d was further derivatized using literature procedures (shown in Scheme 2)
to afford the corresponding 7-nitro-3,4-dihydro-1-methylisoquinoline (9), and then the
nitro group was reduced to 7-amino-3,4-dihydro-1-methylisoquinoline (10) and subse-
quently acylated using an amide coupling reaction to afford compound 11 (N-(1-methyl-
3,4-dihydroisoquinolin-7-yl)acetamide). These compounds were used to investigate the
scope of reactions with DMAD, as the current literature reports only the reaction occurring
when aryl-ethers are substituted with R! = R? = OCHj3.

The synthesis of compounds 8a-8f was performed using a modified literature proce-
dure [16] with dihydroisoquinolines (7a-7f), as shown in Scheme 3. The reaction was found
to proceed rapidly and exothermically when R! acted as electron-donating substituents,
affording the desired product in good yield. However, compounds bearing no donating
substituent at R! produced lower yields. Compound 7d (R! = R? = H) reacted slowly and
afforded compound 8d in an 18% yield. The reaction of DMAD with compounds 9-11 did
not form the desired tricyclic product.

An investigation using compound 8e as a substrate was undertaken to ascertain
potential methods of derivatization. However, attempts to hydrolyze the terminal ester
using acidic hydrolysis at room temperature or at reflux in aqueous 1M hydrochloric
acid did not afford any conversation from the starting material. Alkaline hydrolysis (1M
NaOH/THEF (1:3)) led to the formation of multiple indiscernible and inseparable products,
likely due to the formation of multiple diastereoisomers from the nucleophilic addition
of hydroxide at several a—f3 unsaturated carbonyl positions. Attempts to transesterify the
terminal ester were unsuccessful (conditions: EtOH, p-TsOH (5 mol%), reflux, 4 h).

Alkylation of the nitrogen was attempted using methyl iodide (conditions: CHjl
(5 equiv.), acetone, reflux, 16 h), and a literature method was used to functionalize the
nitrogen to the corresponding N-oxide [38] (conditions: 30% H,O,, MeOH, r.t., 16 h). Both
reactions were unsuccessful. However, the reported crystal structure of 8e highlights
that the nitrogen is in a trigonal planar geometry, suggesting that the lone pair is highly
delocalized throughout the structure and may not behave as a typical tertiary nitrogen,
preventing its use in derivatization reactions [39].

3.2. Cytotoxicity Evaluation of Synthesized Compounds Against Mammalian Cell Lines

The capacity of compounds 8a—f to reduce the viability of two mammalian cell lines
was investigated to determine if the antibacterial activity was selective. Compounds 8a—f
were screened against HEp-2 and McCoy cells, and their effects against cell viability were
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assessed using the MTS assay. 8a, b, d, and 8f showed mild cytotoxic effects against HEp-2
cells, as shown in Figure 2. Bridging the methoxy group to a methylenedioxy group (8c and
8e) was found to have a small effect on the cytotoxicity at 125 uM (8¢ = 65% vs. 8e = 76%).
All other compounds were found to have larger cytotoxic effects at 125 uM, suggesting
that removal of aryl ethers from R! or R?> may enhance these effects (8e vs. 8a = 36% and
8b = 17%).
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Figure 2. Cytotoxicity of compounds 8a—8f against HEp-2 cells (24 h; 31.25 uM, 62.5 uM, and 125 pM).
Values represent the average + SEM from three independent experiments. Significance shown is
relative to solvent (0.1% DMSO) vehicle controls: (*) p < 0.05, (**) p < 0.01, () p < 0.001 vs. vehicle
control (n = 3, one-way ANOVA, Tukey’s post hoc).

The cytotoxic properties against McCoy cells were found to correlate strongly with
those observed in HEp-2 cells (Figure 3); however, compound 8f was significantly more
cytotoxic to McCoy B cells at all tested concentrations (31.25 uM = 39%). Compounds
8c and 8e were not significantly cytotoxic at all assay concentrations, suggesting that
the electron-rich nature of the aromatic ring may moderate its biological effects. Further
study into various substituents on the ring may provide insight into this. Compounds
8a (125 uM, 17%), 8b (125 uM, 10%), and 8d (125 uM, 12%) were found to have similar
cytotoxic properties, suggesting that lipophilicity may be a driving factor for the observed
cytotoxicity in McCoy cells. Removing the C-5 methyl group significantly decreased the
cytotoxicity (8e vs. 8f). Compounds 8a—f possess an electron-poor Michael acceptor, which
might allow non-specific covalent binding to cellular proteins, leading to non-selective
cytotoxicity [40].
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Figure 3. Cytotoxicity of compounds 8a-8f against McCoy B cells (24 h; 31.25 uM, 62.5 uM, and
125 uM). Values represent the average + SEM from three independent experiments. Significance
shown is relative to solvent (0.1% DMSO) vehicle controls: (1) p < 0.001 vs. vehicle control (1 = 3,
one-way ANOVA, Tukey’s post hoc).
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3.3. Evaluation of Antibacterial Properties

Compounds 8a—f were screened against a panel of bacteria, and the results are shown
in Table 3.

Table 3. Minimum inhibitory concentration (MIC) of compounds 8a-f against Gram-positive and
Gram-negative pathogens.

MIC (ug/mL)
1 2 3
Compound R . 8 S. aureus E. coli E. coli S. pneumoniae E. P A. baumanii A.

’ ’ AtolC ’ faecium aeruginosa ’ baylyi
8a OCH; H H >32 >32 >32 >32 >32 >32 >32 >32
8b H OCH; H >32 >32 >32 >32 >32 >32 >32 >32
8c OCH,0 H >32 >32 >32 >32 >32 >32 >32 >32
8d H H H 16 >128 >128 >32 128 >128 >32 >32
8e OCH; OCH; H >32 >32 >32 >32 >32 >32 >32 >32
8f OCH; OCH; CHj 32 >128 >128 32 64 >128 >128 >128

a
(ﬁll)] - - 0.25 <0.03 <0.03 1 - - - 0.06 [41]
MER?
[42] 0.12 <0.06 0.5 0.5
VAN ¢ ) } ) ) ) ) 1 ) ) )
(43]

2 Ciprofloxacin, b

meropenem, and ¢ vancomycin.

For Gram-positive pathogens, compound 8d was the most active, as it inhibited the
growth of S. aureus with an MICqg concentration half that of 8f, with no observed change in
potency relative to other screened pathogens. Since 8d lacks substitution on the aromatic
ring, the result suggests that the dimethoxy substituents in 8f are not required for activity
or lower potency. This finding is supported by the poor activity of the mono-methoxylated
isoquinolines 8a and 8b, indicating that substitution of the aromatic ring at the R! position
is not well tolerated but is acceptable at R?, albeit with a reduction in potency.

Methoxylation of the aryl ring was found to abolish antibacterial activity (8d vs. 8a—c
and 8e). It is proposed that with the presence of several Michael acceptors within the
compounds, electron donating groups may weaken their electrophilicity due to their highly
conjugated nature. Development of compounds with electron withdrawing substituents,
as attempted in the current work, would be of benefit to evaluate the influence of this
property on antibacterial activity.

For compounds 8a-b, poor aqueous solubility prevented testing at higher concen-
trations. Bridging the dimethoxy analogue to a methylene linker (8c) was found not to
influence potency, and although slightly less lipophilic than the dimethoxy analogue, solu-
bility was not noticeably improved. The antibacterial properties were found to correlate
with the cytotoxic properties of compounds 8d and 8f, potentially reducing their efficacy
as antibacterial agents without further development to enhance their selectivity toward
bacteria over mammalian cell lines.

The mechanism of action of these compounds has not been determined, although
there are structural similarities with compounds such as berberine, which is known to
inhibit bacterial replication by the inhibition of FtsZ [10]. As cytotoxicity was observed in
mammalian cell lines, the mechanism of action may encompass a broader, more conserved
mechanism of action, such as interfering with DNA replication. Highly conjugated and
planar isoquinoline-based compounds such as HSN584 have been shown to interfere with
cell-wall synthesis [8], and they could be explored as a potential mechanism of action
of 8d and 8f. Future studies may warrant determination of the minimum bactericidal
concentration (MBC) to ascertain if active compounds are bacteriostatic or bactericidal
and could provide insight into the mechanism of action. Furthermore, it would be of
interest to examine if tested compounds exhibit antibacterial activity on a broader range
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of pathogens, including drug-resistant bacteria pertinent to clinical settings, including
methicillin-resistant S. aureus and vancomycin-resistant enterococci.

There was no observed inhibitory activity against Gram-negative pathogens (E. coli,
E. faecium, P. aeruginosa, A. baumanii, and A. baylyi). In the case of E. coli, screening against
the AtolC mutant suggests the lack of activity is not due to drug efflux. Although the
compounds may be benign upon uptake, for Gram-negative pathogens, uptake is one
of the most challenging issues facing drug efficacy. As the scope of compatible chemical
reactions with compounds 8a—f was restricted, the use of drug-delivery systems such as
nanoformulations including polyphenols [44], silica [45], and metallic nanoparticles [46]
may simultaneously address drug uptake issues, as well as improve the limited solubility of
these compounds in aqueous systems, opening the potential for assessing their antibacterial
properties in vivo.

Moreover, drug uptake in Gram-negative bacteria could be improved by the exploita-
tion of active transport systems. As the cyclisation step of compound 7 with DMAD to
compound 8 employs mild reaction conditions, it can be envisioned that alkynes with an
array of synthetic handles, or pre-functionalized moieties such as glycosides, peptides, or
an ionizable functional group could be installed [47-49]. This may facilitate better transport
across Gram-negative cell membranes, and could be utilized to improve the efficacy, and
potentially, the selectivity of compounds toward various pathogens tested this work.

4. Conclusions

Access to novel scaffolds that afford unique compounds with antibacterial properties
is critical in the development of antibacterial agents. Isoquinoline compounds and their
fused-ring derivatives possess a wide range of pharmacological properties, including
antibacterial applications. In this work, six methyl (2Z)-[2-ox0-5,6-dihydropyrrolo[2,1,a]-
isoquinoline-3-ylidene]-2-ethanoate compounds were synthesized. Five of these were
previously unreported. The scope of compatible chemistry for the synthesis of new aryl
substituents was investigated and is thus far restricted to an unsubstituted aryl system
and aryl ethers. Attempts to derivatize 8e were unsuccessful, but the attempted reactions
provide valuable insight into specific properties of these compounds, including the non-
nucleophilic nature of the nitrogen and the limited scope of compatible aryl substituents on
1-methyl-3,4-dihydroisoquinolines that undergo cyclisation with DMAD. It was shown that
compounds 9, 10, and 11 do not readily react with DMAD to afford tricyclic isoquinolines
compounds.

The inhibition of bacterial growth was observed against the Gram-positive bacteria
S. aureus and E. faecium for 8d and 8f. Additionally, 8f weakly exhibited activity against
S. pneumoniae. Gram-negative pathogens were found to be uninhibited by 8a—f. As cy-
totoxicity was observed against mammalian cell lines, the utility of these compounds as
antibacterial agents may be limited without further development to enhance the selectivity
toward bacterial pathogens. This may be accomplished by functionalizing electron deficient
alkynes with glycosides, peptides, or ionizable functional groups prior to cyclization with
1-methyl-3,4-dihydroisoquinolines to facilitate increased drug uptake, or by incorporating
nanoencapsulation of active compounds to improve their uptake into pathogens of interest,
and mitigate the observed cytotoxicity by improving selectivity.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biochem5010001/s1, NMR spectra of new compounds and com-
pounds for which data were not previously reported: Table S1: Purity of 8a—f determined by gNMR.
Figure S1: The 500 MHz 1H NMR spectrum of 7f in CDCI3; Figure S2: The 100 MHz 13C NMR
spectrum of 7f in CDCls; Figure S3: The 400 MHz 'H NMR spectrum of 8a in CDCl; Figure S4:
The 100 MHz 13C NMR spectrum of 8a in CDCl3; Figure S5: The 400 MHz ITH NMR spectrum of 8b
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in CDCl; ; Figure S6: The 100 MHz '3C NMR spectrum of 8b in CDCls; Figure S7: The 400 MHz 'H
NMR spectrum of 8¢ in CDCly; Figure S8: The 100 MHz 3C NMR spectrum of 8¢ in CDCl; Figure S9:
The 400 MHz 'H NMR spectrum of 8d in CDCl3; Figure S10: The 100 MHz '3C NMR spectrum of 8d
in CDClg; Figure S11: The 400 MHz 'H NMR spectrum of 8f in CDCl3; Figure S12: The 100 MHz
13C NMR spectrum of 8f in CDClg; Figure S13: The 400 MHz 'H NMR spectrum of 11 in CDCly;
Figure S14: The 100 MHz 13C NMR spectrum of 11 in CDCls; Figure S15: The 400 MHz 'H NMR
spectrum of 12 in CDCly; Figure S16: The 100 MHz 3C NMR spectrum of 12 in CDCl3 [50,51].
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Abstract: Metabolic engineering of the shikimate pathway offers a promising strategy for
enhancing the production of aromatic compounds in microbial hosts. However, feedback
inhibition of key enzymes, such as the 3-deoxy-D-arabino-heptulosonate 7-phosphate syn-
thase (DAHP synthase), often limits the yield of target products. In this study, we focused
on the DAHP synthase (AroF-I) from Pseudomonas putida. Through computational modeling
and experimental validation, we identified specific amino-acid residues responsible for
tyrosine-mediated feedback inhibition. By targeted mutagenesis, we engineered DAHP
synthase variants that exhibit reduced sensitivity to feedback inhibition. The introduction
of these engineered enzymes into a metabolically engineered Pseudomonas putida strain
resulted in significantly increased production of p-coumaric acid. Our findings provide
valuable insights into the regulation of the shikimate pathway and demonstrate the po-
tential of protein engineering to improve microbial production of aromatic compounds.

Keywords: feedback resistance; DAHP synthase; Pseudomonas putida; enzyme engineering;
shikimate pathway; p-coumaric acid

1. Introduction

Synthetic biology is the engineering of microbes for the creation of new biologically
based parts and novel devices and systems, as well as redesigning existing, natural bio-
logical systems (Kitney and Freemont [1]). One of its main applications is the production
of high-interest molecules originally obtained by other means, such as chemical synthesis
or plant extraction, using microorganisms as cell factories. For example, the insertion of
a heterologous pathway from plants will allow the synthesis of a plant molecule into a
microbe. Several studies from this last decade have shown successful examples of microbe
engineering (Martdu et al. [2], Wang et al. [3], Dudnik et al. [4], Peralta-Yahya et al. [5], Ag-
garwal et al. [6]). Nevertheless, this process is not straightforward and needs fine-tuning,
particularly in the central metabolism. Indeed, efficient carbon fluxes through the new
pathway for an interesting biosynthesis of the final product are needed, as well as precursor
availability (Li et al. [7], Maurya et al. [8], Leonard et al. [9]).

One of the best examples is the use of aromatic amino acids synthesized by microor-
ganisms (bacteria or yeasts) to produce aromatic compounds of high interest, such as
phenylpropanoids (Suzuki et al. [10], Limem et al. [11], Wang et al. [12], Averesch and
Kromer [13]). These molecules are derived from L-Phe and L-Tyr and are produced mainly
in plants. The phenylpropanoid acids cinnamic acid (CA) and p-coumaric acid (pCA)
are important building blocks allowing the biosynthesis of a great variety of secondary
metabolites and natural products widely used in industry for flavoring, pharmaceuticals,
and cosmetics (Vargas-Tah and Gosset [14]).
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The shikimate pathway is the central metabolic route leading to the formation of L-Trp,
L-Phe, and L-Tyr from simple carbon sources in microorganisms and plants (Herrmann and
Weaver [15]). This metabolic pathway has been extensively studied: it is highly regulated
as the accumulation of aromatic amino acids may be deleterious for the cells (Averesch
and Kromer [13]). An illustration can be seen in Figure 1. In the Appendix A Section, we
provide a more detailed illustration (Figure A1) based on KeGG pathways.
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Figure 1. An illustration of the reactions from the shikimate pathway to the production of phenolic

compounds cinnamic acid and p-coumaric acid. The red arrows indicate common negative feedback
regulation of DAHP synthase by aromatic amino acids.

Among the 15 enzymes that are implicated in this pathway, some, like the DAHP
synthases (3-deoxy-D-arabino-heptulosonate 7-phosphate synthase), are negatively re-
pressed by the aromatic amino acid. This phenomenon is called feedback inhibition. This
regulation is widespread among microorganisms and tends to be a major bottleneck for the
bioproduction of aromatic amino acids derived compounds (Jayaraman et al. [16], Wu et al.
[17], Luttik et al. [18], Bilal et al. [19]). Obtaining feedback-inhibition resistant (fbr) enzymes
is one of the best strategies to generate L-Phe or L-Tyr overproducer strains, and it was
conducted with success in the two well-known chassis for bioproduction, Escherichia coli
and Saccharomyces cerevisiae (Liitke-Eversloh and Stephanopoulos [20], Kang et al. [21], San-
tos et al. [22], Juminaga et al. [23], Rodriguez et al. [24]). Nevertheless, these microbial
chassis are not the best adapted to produce phenylpropanoids, as these aromatic molecules
are highly toxic for cells. On the contrary, bacteria of the genus Pseudomonas are useful
hosts for synthetic biology as they have high-stress tolerance and an interesting metabolic
versatility (Nikel et al. [25], Ankenbauer et al. [26], Schwanemann et al. [27]). On top of
that, they have an efficient aromatic catabolic pathway, and tolerance towards p-coumaric
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acid was recently shown (Molina-Santiago et al. [28], Calero et al. [29], Mohamed et al. [30]).
In their work, Calero et al. [29] clearly showed that Pseudomonas putida KT2440 was twice
as tolerant to p-coumaric acid as E. coli, highlighting its suitability for the production of
phenolic compounds. Previous works demonstrated that production of phenol or pCA with
a correct titer could be obtained in some Pseudomonas strains, often by transforming these
strains with fbr genes from Escherichia coli (aroGfbr and tyrAfbr) (Nijkamp et al. [31], Wier-
ckx et al. [32], Calero et al. [33], Wynands et al. [34], Otto et al. [35]). Random mutagenesis
experiments were also performed in these strains, and some mutations in genes from
the central metabolism and/or the shikimate pathway could improve aromatic molecule
production. The overproduction of the Pseudomonas DAHP synthase AroF-I gene could
also improve this production (Wierckx et al. [32]), showing that this enzyme could be a
good target to obtain efficient fbr enzymes from Pseudomonas. AroF-1 is identified as a
phospho-2-dehydro-3-deoxyheptonate aldolase (UniProt Q88KG6).

Historically, most known feedback-resistant mutants in the shikimate pathway were
obtained by random mutagenesis approaches, using transposons or highly toxic chemicals,
like fluoro-analogs of tyrosine or phenylalanine, or ethyl methane sulfonate, (Weaver
and Herrmann [36], Liitke-Eversloh and Stephanopoulos [37]) and rational designs only
appeared recently (Jayaraman et al. [16], Liu et al. [38]). While random mutagenesis is a
straightforward strategy to obtain mutants with a desired phenotype, it must be associated
with a laborious and time-consuming screening phase (Chen et al. [39], Rowlands [40]).
Also, reverse engineering is frequently used following these methods to identify impacting
mutations and introduce them in a final strain (Zhao et al. [41]). On the contrary, a rational
design drastically reduces the time dedicated to screening and alleviates the need for
reverse engineering.

The aim of this study was to rationally identify and evaluate the fbr mutant of the
AroF-I DAHP synthase from Pseudomonas putida KT2440. First, the sensitivity of AroF-I
toward the three aromatic amino acids L-Phe, L-Trp, and L-Tyr was tested in vitro, showing
a negative regulation of the enzyme in the presence of L-Tyr. Then, bioinformatics studies
were carried out to determine putative amino acids responsible for the negative feedback
regulation of AroF-I by L-Tyr. Thus, several potential deregulated mutants of AroF-I
were constructed and tested in vitro. A double mutant was found to be fully active and
resistant to feedback inhibition by tyrosine. This is the first feedback-resistant DAHP
enzyme designed, described, and characterized for Pseudomonas putida. A mutant strain
harboring this deregulated AroF-I shows promising results for high-titer bioproduction of
p-coumaric acid.

2. Results
2.1. AroF-I from Pseudomonas putida Is Highly Sensitive to and Inhibited by Tyrosine

To first evaluate if AroF-I is a feedback-inhibited enzyme, the corresponding gene
(PP_2324) was cloned into the pET28 expression vector, overexpressed into E. coli and the
His-tagged protein was purified (see Appendix A Figure A2). The activity of AroF-I was
tested in vitro and was found to be fully active in the tested conditions (Figure 2). All
the phosphoenolpyruvate was consumed in 1 h or less. Either phenylalanine, tyrosine,
or tryptophane were added to the in vitro test, along with the purified AroF-I enzyme.
Phenylalanine and tryptophane seemed to slightly inhibit AroF-I, whereas the inhibition by
tyrosine was dramatic (Figure 2). We concluded that AroF-I is highly sensitive to tyrosine,
which exerts a negative feedback inhibition on this enzyme.
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Figure 2. Activity of AroF-I in the absence or presence of inhibitors. Dots represent each replicate as
a raw value of consumed substrate (mM), and the mean is represented as a horizontal black bar.

2.2. Bioinformatics Helps in the Prediction of Allosteric Inhibition of the AroF-I Enzyme

The 3D structure of AroF-I from Pseudomonas putida KT2440 was reconstructed from
its amino-acid sequence through homology modeling by SWISS-MODEL (Waterhouse
et al. [42]) and used for docking with tyrosine. The protein region that is responsible for
the allosteric regulation was identified by comparison with a homolog protein, AroG, a
phospho-2-dehydro-3-deoxyheptonate aldolase (UniProt ID POAB91) from Escherichia coli
strain K12, known to be regulated by phenylalanine. Through a 3D structure alignment,
we could identify the same structure in the AroF-I model. Analyzing different solutions
obtained for the docking of AroF-I with tyrosine, we could identify a few residues that seem
close enough to the molecule to interact with it. These residues are the following: 160 (P160),
164 (Q164), 190 (5190), 191 (G191), 193 (5193), and 225 (1225) (numbering corresponds to
the position of the amino acid in the FASTA sequence of AroF-I).

For each one of these residues, we identified possible substitutions based on the
literature and the alignment against naturally tyrosine feedback-resistant AroF enzymes.
These approaches are described in the Material and Methods Section, and the results can
be seen in Table 1.

Table 1. AroF-I variant positions and amino-acid substitutions assayed in vitro.

Original Amino Acid (AroF-I) Position Amino Acids Substitutes

160
164
190
191
193
225

>R >

2.3. Effect of Point Mutations on AroF-I Activity in the Presence or Absence of an Inhibitor

As described in the previous section, multiple potential mutation sites were predicted
by the in silico study. Some of the best candidates were chosen, and mutations were
introduced into the AroF-I enzyme. It included P160L, Q164A, S190A, G191K and S193A.
As for the wildtype, the corresponding genes were cloned into the pET28a(+) expression
vector, overexpressed into E. coli and the mutated His-tagged proteins were purified.
Some single mutations (Q164A, S190A, and 1225P) prevented the correct synthesis and/or
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purification of the AroF-I enzyme or shown strictly no activity, thus stopping the study at
this step. The in vitro analysis was conducted on the three remaining active single mutants
of AroF-I (P160L, G191K, and S193A). First, the activity in the absence of an inhibitor
was assessed. As shown in Figure 3, the introduction of point mutation G191K almost
completely abolished AroF-I activity. Then, this mutant was no longer considered to be
an AroF-I fbr candidate. Results were contrasted for mutant AroF-I1 S193A, both in the
absence and presence of tyrosine. Enzymatic activity without tyrosine was comparable to
the WT, whereas the activity in the presence of tyrosine seemed to be slightly higher. The
most interesting mutation was the AroF-I P160L. This mutant had a significantly higher
activity in the presence of L-Tyr than the WT enzyme (Figure 4). Furthermore, the activity
of mutant P160L without inhibitor was comparable to the WT, making AroF-I P160L the
best candidate for further engineering.

(A) Single Mutants (B) Double Mutants

047 TooooT 6eo A 04" oo o0
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Figure 3. Comparison of the consumed substrate (mM) for WT AroF-I vs. single mutants (A) and
double mutants (B) in the absence and presence of tyrosine. Gray dots represent raw values of
replicates in the absence of tyrosine; Black dots represent raw values of replicates in the presence of
1 mM tyrosine. Horizontal black bars represent the mean value of all replicates for each condition.
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Figure 4. Comparison of the consumed substrate (mM) for WT AroF-I vs. promising mutants in
the absence (A) and presence (B) of 1 mM tyrosine. Boxplot with 1 = 6 for each tested condition.
For statistical analysis, a Kruskal-Wallis non-parametric test with Dunn’s post hoc analysis was
used. p-value adjusted using Holm’s method (significance = ns: p-value > 0.05; *: p-value < 0.05;
**: p-value < 0.01) . Cohen’s d test values for effect size evaluation are: WT vs. P160L = 0.78; WT vs.
P160L/S193A =1.03; P160L vs. P160L/S193A = 0.52. Values show significant differences between the
compared data.
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2.4. A Double Mutation Improves the Tyrosine Resistance of AroF-1 and Its Enzymatic Activity

The promising results observed with AroF-I P160L led us to further work on this
mutant. We thought to introduce a second mutation from the list described in the bioin-
formatic analysis section. All combinations were considered with no a priori as it would
be interesting to observe potential synergistic effects of mutations, which are usually hard
to predict (Mildvan [43], Chaparro-Riggers et al. [44]). Following the same procedure as
above, we constructed several plasmids with mutated genes of AroF-I with the aim of
expressing and purifying double mutants of the AroF-I enzyme. We obtained four combi-
nations of mutations, all including P160L: P160L/Q164A; P160L/S190A; P160L/G191K;
P160L/S193A). Interestingly, when compared to the single mutants, all the combinations
were correctly expressed and purified (see Appendix A). The in vitro characterization was
then pursued on the four double mutants obtained. First, the activity of these mutants
was assayed in the absence of any inhibitor. Two out of four enzymes showed no activity
(AroF-1 P160L/S190A; AroF-I1 P160L/G191K) and were no longer studied (Figure 3). For
the P160L/Q164A variant, the activity with and without tyrosine was similar to the single
mutant P160L. The characteristics of this mutant are then mostly linked to the P160L muta-
tion, and the second introduced mutation has a null or low impact on the measured activity.
Regarding double mutant AroF-I P160L/S193A, the activity in the presence of tyrosine
was significantly higher than the WT protein (Figure 4). Surprisingly, the combination of
mutations P160L and S193A seemed to improve the resistance to tyrosine compared to the
P160L single mutation. Thus, the double mutant AroF-I P160L/S193A was elected AroF-I
fbr and selected to study its in vivo impact on p-coumaric acid production.

2.5. Construction of Pseudomonas putida Strains Overproducing Aromatic Amino Acids

To evaluate the potential of the AroF-I P160L/S193A enzyme for p-coumaric acid
bioproduction, the gene coding for this mutant was inserted under the control of a strong
constitutive promoter in the chromosome of a pCA-producing strain of Pseudomonas putida
KT2440 (called Ppu201). This strain overexpresses a tyrosine ammonia lyase (TAL, EC
4.3.1.23) (integrated into the chromosome), as well as aroH, one of the three DAHP syn-
thases found in P. putida’s chromosome. The resulting strain was named Ppu235. To assess
the producing capacities of both strains, they were cultured for 24 h in a minimal medium
containing glucose as the sole carbon source, and an HPLC analysis was performed on the
supernatant fractions to detect and quantify the produced phenolic compounds. As shown
in Figure 5, the strain harboring the AroF-I mutant showed a higher production capability,
being approximately 0.66 mM Phenolics/1 OD600 nm, compared to Ppu201 producing
0.53 mM Phenolics/1 OD600 nm. The two major products detected are cinnamic acid
and p-coumaric acid. Indeed, the TAL enzyme, responsible for the conversion of tyrosine
to p-coumaric acid, is also able to use phenylalanine as a substrate to produce cinnamic
acid. These results indicated that the Ppu235 strain produces more tyrosine and more
phenylalanine than its homolog without the AroF-I mutant, indicating a deregulation of the
shikimate pathway. It is worth noting that Ppu235 showed a final OD600 nm comparable
with Ppu201, suggesting that the introduction of the feedback-resistant mutant did not
seem to alter the overall fitness of Ppu235.
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Figure 5. In vivo production of phenolic compounds by P. putida strains expressing (Ppu235) or not
(Ppu201) AroF-I fbr variant (P160L/S193A).

2.6. A Synergistic Effect of AroF-1 Fbr and phhAB Improves Production of p-Coumaric Acid

As stated earlier, a Pseudomonas putida KT2440 strain with a deregulated shikimate
pathway was constructed by introducing a double mutant P160L/S193A of the AroF-I
enzyme into the chromosome of a previously constructed p-coumaric acid-producing
strain. It is suggested that in Pseudomonads, the majority of tyrosine is produced through
the conversion of phenylanine (Otto et al. [35], Wierckx et al. [45]). Therefore, we thought
to overexpress the two genes phhA (PP_4490) and phhB (PP_4491) coding for the enzymes
responsible for the synthesis of tyrosine from phenylalanine. The phhAB operon was cloned
into a pBBR1 vector under the control of the arabinose inducible promoter araC/Pbad,
creating pC2F327. This plasmid was transformed into Ppu201 and Ppu235, and the resulting
strains were cultured in minimal medium MPpu with glucose as the sole carbon source,
supplemented or not with 0.5% L-arabinose. A plasmid expressing eGFP under the control
of the arabinose inducible promoter was used as a control (plasmid pPpu226). On the
one hand, as depicted in Figure 6, Ppu235 showed a slight increase in total phenolics
produced when the control plasmid was used. Furthermore, the repartition between
cinnamic acid and p-coumaric was lower in Ppu235 than in Ppu201, which is in accordance
with the results observed for both strains without bearing any plasmid. Induction of eGFP
did not change the conclusions except that fewer phenolics were produced, which is not
surprising considering the metabolic burden created by gene overexpression on plasmid
(Glick [46]). On the other hand, results obtained with the expression of phhAB were very
promising. When the expression of the phhAB operon was not induced, both strains
produced an amount of phenolics comparable with the control plasmid. On the contrary,
when arabinose was supplemented in the medium, a sharp increase in total phenolics
produced was measured for Ppu235 bearing pC2F327, reaching 1.9 mM phenolics/1 OD600
nm, which is 3 times higher than with the control plasmid. In addition, pCA represented
97% of the total phenolics produced in this condition, improving by 10% the amount of pCA
in total phenolics produced. However, this enhanced pCA production is correlated with a
decrease in growth rate (see Appendix A Table Al). While P. putida KT2440 is known to
tolerate high pCA concentrations, ruling out pCA toxicity. The observed growth reduction
may be attributed to L-phenylalanine depletion and/or broader metabolic imbalances
resulting from phhAB overexpression (Calero et al. [29]). Nevertheless, the strain Ppu235
expressing phhAB is a promising strain towards a high-titer and high-yield industrial
production of p-coumaric acid.
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Figure 6. In vivo production of phenolic compounds by P. putida strains expressing (Ppu235) or not
(Ppu201) AroF-I fbr in combination with the overexpression of phhAB genes. Bold box plots are
when phhAB is induced, gray ones when phhAB is not induced by Arabinose.

3. Materials and Methods
3.1. Bacterial Strains, Plasmids, and Growth Conditions

The bacterial strains and plasmids used in this study are listed in Table 2. P. putida
strains were grown at 30 °C and E. coli strains at 37 °C either in liquid LB medium
(Bertani [47]) or on solid agar LB plates (additionally containing 1.5% (w/v) agar). For the
selection of plasmid transformants, 50 ug/mL kanamycin (Kan) was added. After mating
procedures, recombinant Pseudomonas were isolated on Yeast Extract Tryptone (YT) plates
supplemented with Ampicillin (100 mg/mL) and kanamycin (50 mg/mL). The loss of the
suicide plasmid was selected on YT plates containing 10% sucrose.

Table 2. Bacterial strains and plasmids used in this study.

Genotype or Markers;

Strains and Plasmids Characteristics and Uses

Source or References

Strains

F~ompT, gal, dcm, lon,
hsdSB(rgmy ), A(DE3 [lacl,
lacUV5 — T7, p07 ind1, sam7, nin5]),
[mal B g _12(A®)

Escherichia coli BL21(DE3) Novagen

. . recA, pro, hsdR, .
Escherichia coli 517.1 RPAD-Tes Mu-Km=Tn7 Simon et al. [48]
Pseudomonas putida KT2440 WT NBRC100650
p-coumaric productive strain with
Pseudomonas putida Ppu201 aroH under strong constitutive This study
promoter
Pseudomonas putida Ppu235 Ppu201, aroH::aroFI P160L/S5193A This study
Plasmids
pBBRIMCS-2 Broad-host-range cloning vector, Kovach et al. [49]

mobilizable, Kan&k
pUC containing the araC/pBAD
promoter, ampR
pBBRIMCS-2 containing the
araC/pBAD promoter

pUC-araC/pBAD SEVA plasmid collection

pBBR1-araC/pBAD This study
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Table 2. Cont.

Strains and Plasmids

Genotype or Markers;
Characteristics and Uses

pBBR1-araC/pBAD with the

pC2E387 phhA/B genes cloned downstream of This study
the araC/pBAD promoter
pBBR1-araC/pBAD with the eGFP
pPpu226 gene cloned downstream of the This study
araC/pBAD promoter
pET28a(+) Novagen
pET28-AroF-1 WT This study
pET28-AroF-I1 G191K This study
pET28-AroF-1 P160L This study
pET28-AroF-1 S193A This study
pET28-AroF-1 P160L/G191K This study
pET28-AroF-1 P160L/Q164A This study
pET28-AroF-I1 P160L/S190A This study
pET28-AroF-1 P160L/S193A This study

pK18mobsacB suicide vector, Kan® and sacB for Schifer et al. [50]

pK18-aroH

::AroF-1 P160L/S193A

Widely used gene modifications

counter-selection
pK18mobsacB containing the
homologous arms of aroH and the
aroF-1 P160L/S193A gene to be
inserted, Kan®

This study

For enzyme production and purification, Escherichia coli strains were grown in a ZYM
auto-inducer medium (Studier [51]). For p-coumaric acid production assay, P. putida KT2440
strains were grown in a minimal medium containing 4.77 g/L NayHPOy, 2.02 g/L KHpPOy,
2.36 g/L (NH4)2504, 0.24 g/L MgSO4 and 5 g/L glucose, with the following trace elements:
13.9 mg/L FeSO4-7H,0, 14.7 mg/L CaCl,-2H,0, 8.6 mg/L ZnSO4-7H,0. To induce gene
expression using the araC/Pbad promoter, 0.5% (m/v) arabinose were added to culture
when necessary. The chemicals used in this work were obtained from Carl Roth (Karlsruhe,
Germany), Merck (Darmstadt, Germany), or Sigma—Aldrich (Saint Louis, MO, USA).

3.2. Vector Construction and Strain Engineering

For plasmid constructions, DNA fragments were PCR amplified using the Platinum
SuperFi high-fidelity polymerase (Thermo Fisher Scientific, Waltham, MA, USA) with
corresponding overhangs to enable subsequent Gibson assembly (Gibson [52]) with the
NEBuilder HiFi DNA Assembly mix (New England Biolabs, New Ipswich, NH, USA).
Heat shock was used for the transformation of DNA assemblies and purified plasmids
into E. coli. Plasmids were introduced in Pseudomonas putida KT2440 by conjugational
transfer of mobilizable plasmids. Mating procedures were performed as follows. Overnight
cultures of the E. coli donor, S17.1 strain bearing the desired plasmid, and the recipient
Pseudomonas putida strain, were washed twice in MgSO4 10 mM. Equal volumes of the
cultures (50 uL) were mixed and incubated for 4 to 5 h at 30 °C without agitation. The
mix was then harvested and resuspended in 100 pL of MgSO4 10 mM before plating
on a selective medium. Plates were incubated overnight at 30 °C. Replicative pBBR1-
MCS2-based plasmids (Kovach et al. [49]) were used for gene expression, pET28a(+)-based
plasmids (Novagen) were used for protein production and purification, and pK18mobsacB
(Schéfer et al. [50])-based plasmids were used for chromosomal modification of P. putida
strains. The pK18mobsacB vector is suicidal in Pseudomonas putida and can be used for gene
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insertion into a definite chromosomal target. When this plasmid was used for chromosomic
modifications in Pseudomonas, the mating mixture for conjugational transfer was incubated
overnight before following the procedure as described earlier. Eventually, for chromosomal
modifications of Pseudomonas putida strains, antibiotics-resistant clones were incubated
overnight at 30 °C in LB medium without selection pressure. A streak of this culture was
then performed on YT sucrose 10%.

E. coli or Pseudomonas putida transformants, and chromosomally engineered Pseu-
domonas were screened by colony PCRs using the DreamTaq 2X Master Mix PCR (Thermo
Fisher Scientific, Waltham, MA, USA). Primers were ordered as unmodified DNA oligonu-
cleotides from Eurofins Genomics (Ebersberg, Germany). Plasmid inserts and gene dele-
tions or insertions were confirmed by Sanger sequencing performed by Microsynth AG
(Balgach, Switzerland). AroF-I mutated genes were ordered as synthetic DNA fragments
from Eurofins Genomics (Ebersberg, Germany). PCR products and plasmids were purified
using NucleoSpin Gel and a PCR cleanup purification kit from Macherey—Nagel (Diiren,
Germany) according to the manufacturer’s instructions.

3.3. Production and Purification of the AroF-I Proteins

All DNA fragments corresponding to mutated variants of AroF-I genes were amplified
with a flanking overhang and cloned into a pET28a(+) backbone. Assembly mixtures were
transformed into a BL21(DE3) strain and the culture was plated on LB+Agar medium
with appropriate antibiotic. Positive clones were PCR-checked and sequenced to confirm
successful assembly.

Auto-inducible ZYM medium was inoculated at an initial OD of 0.05 with an overnight
pre-seed culture and incubated for 24 h. For the first 5 h, the temperature was set to 25 °C
and then lowered to 19 °C for the remaining incubation time. Next, protein purification
was performed using the Protino Ni-TED purification kit for His-tagged proteins following
the manufacturer’s instructions (Macherey—Nagel, Diiren, Germany). Briefly, cells were
separated from the medium by cold centrifugation for 10 min at 5000x g. The pellet
was resuspended in an adapted buffer with the addition of lysozyme (final concentration
1 mg/mL) and kept on ice for 30 min. Then, cells were disrupted using sonication at 30%
power, pulse set to 40, and a total time of 8 min (Omni Sonic Ruptor 400, Omni International
(Kennesaw, GA, USA)). Streptomycine was added to a final concentration of 0.22% (m/v),
and samples were cold-centrifugated for 30 min at 15,000x g. The supernatants were
kept, and the enzymes were purified. After purification, proteins were concentrated
approximately 10 times in Tris-HC1 0.1 M pH 7.5 + 10% glycerol using Amicon Ultra-4
30 kD from Merck (Darmstadt, Germany). Purified proteins were checked by SDS-PAGE
electrophoresis and stored at —80 °C.

3.4. Enzymatic Assay for Determination of AroF-I Activity

Enzymatic activity was assessed by measurement of substrate consumption using
HPLC detection. Assays were performed in a final volume of 200 pL containing 40 mM
phosphate buffer pH 7, 300 uM phosphoenolpyruvate (PEP), 20 pg of purified enzyme and
3 uM HCI. For inhibition tests, 1 mM of aromatic acid was added to the reaction mixture.
The final volume was adjusted using ultrapure water. After a 2 min pre-incubation at 30 °C,
reaction was started by adding 300 uM of erythrose-4-phosphate (E4P) and incubated at
30 °C for 60 min. To stop the reaction, the mixture was heated to 80 °C for 5 min. Samples
were then centrifugated for 10 min at 15,000x g. The supernatant was kept and filtrated on
a 0.22 pm membrane before subsequent HPLC analysis. The remaining PEP concentration
was determined using the Agilent 1100 system (Agilent Technologies, Santa Clara, CA,
USA) with a Luna OMEGA polar C18 column (Phenomenex, Torrance, CA, USA). Injection
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of 15 uL. was analyzed for each sample. The mobile phase was a 1 mM phosphoric acid
solution. The rate flow was set to 0.3 mL/min, and detection occurred via UV detection at
220 nm. The total time of analysis for each sample was 15 min.

3.5. Replacement of aroH by Mutated AroF-I

The gene AroF-I1 P160L/S193A was amplified from the synthesized DNA fragment and
cloned into the vector pK18mobsacB. The pK18mobsacB vector is suicidal in Pseudomonas
putida and can be used for gene insertion into a definite chromosomal target. To perform
chromosomal modification, the suicide plasmid was constructed based on pK18mobsacB
bearing two homology arms of 800 bp around aroH (PP_1866) upstream and downstream
the gene coding for the mutated version of AroF-I. Using this plasmid, chromosomal
modification was achieved to obtain strain Ppu235 from strain Ppu201, a p-coumaric acid-
producing strain obtained in our laboratory in which aroH is overexpressed under the
control of a strong constitutive promoter and a tyrosine ammonia lyase is inserted into
the chromosome.

3.6. Overexpression of phhAB Genes

The two genes phhA (PP_4490) and phhB (PP_4491) coding, respectively, for a Phe-4-
monooxygenase and a Pterin-4-alpha-carbinolamine dehydratase were cloned into a pBBR1-
MCS2 expression plasmid as an operon under the control of the inducible araC/Pbad pro-
moter. The WT genes were amplified from purified genomic DNA with a flanking overhang
to allow insertion into the plasmid backbone. The assembly mixture was then transformed
into an S17.1 strain and plated LB+Agar with the appropriate antibiotic. Positive clones
were PCR-checked, and amplicons were sequenced to confirm successful assembly. The
final plasmid was transferred to the recipient P. putida KT2440 strain by conjugation.

3.7. Assessment of pCA Production in Batch Culture

To evaluate the production of p-coumaric acid by genetically modified Pseudomonas
putida strains, batch culture in Erlenmeyer flasks was performed. First, strains were
plated on an LB agar plate containing appropriate antibiotics when needed. One colony
was PCR-checked and cultured overnight in 5 mL minimal medium supplemented with
5 g/L glucose at 30 °C with agitation. The next day, the pre-seed culture was used to
inoculate 25 mL of minimal medium supplemented with 5 g/L glucose and appropriate
antibiotic in an Erlenmeyer flask. When needed, arabinose was used to induce gene
expression. Growth was followed by measuring OD at 600 nm, and p-coumaric acid
production was assessed by HPLC measurement at the end of the batch culture. The
analytical method used to identify and quantify p-coumaric acid and cinnamic acid was as
follows: Kinetex 5 um F5 100 A 150 x 4.6 mM column (Phenomenex, Torrance, CA, USA),
formic acid 0.1% and acetonitrile as mobile phases with variating gradient (0-5 min = 100%
formic acid; 5-25 min = 75% formic acid + 25% acetonitrile; 25-30 min = 62% formic
acid + 38% acetonitrile; 30-35 min = 100% formic acid), flow rate of 1 mL/min, oven at
40 °C, injection volume of 10 puL and UV detection at 315 nm for p-coumaric acid and 28
nm for cinnamic acid.

3.8. Statistical Analysis

A Shapiro-Wilk normality test (Shapiro and Wilk [53]) and a Bartlett variance equality
test (Jones et al. [54]) were first performed on data to be analyzed. As data did not meet the
criteria to be analyzed via a parametric statistical analysis, a non-parametric Kruskal-Wallis
test was conducted (Kruskal and Wallis [55]) followed by a Dunn’s post hoc analysis with
Holm’s adjustment method for the p-value (Dunn [56]). To confirm results obtained using
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the Kruskal-Wallis test, a Cohen’s d measure for effect size evaluation was performed
(Cohen [57]). The results of these two tests are shown in Figure 4.

3.9. Bioinformatics Protocols

Our primary objective was to identify point mutations in our target, AroF-I, that
may reduce the feedback regulation of tyrosine. To achieve this, we performed a docking
analysis of tyrosine within the AroF-I structure to pinpoint amino acids that are likely
to play a significant role in the molecule’s binding. We then aimed to substitute these
residues with amino acids exhibiting different properties, thereby blocking or diminishing
the likelihood of tyrosine binding.

The PDB structure for the UniProt entry Q88KG6 (AroF-I from Pseudomonas putida
KT 2440) was not available at the moment of this study, so we reconstructed it using the
Swiss-Model approach (Waterhouse et al. [42]). Our structure was built with ProMod3
(version 2.0) using 10£6.4.G structure as a template. We obtained a Global Model Quality
Estimate (GMQE) of 0.77, which is considered reasonable.

We used this structure to perform docking against tyrosine. We used Vina (Trott and
Olson [58]) as our docking software, and we considered a large region for the docking,
as we can see in Figure 7. The center of the docking box is located at the coordinates
(17.214, 39.976, 59.293), with dimensions of 44, 48, and 32 dngstroms along the x, y, and z
axes, respectively. This choice was based on the analysis of AroG, a phospho-2-dehydro-3-
deoxyheptonate aldolase (UniProt ID POAB91) from Escherichia coli K12 (crystal structure
1kfl from PDBe), where a phenylalanine is docked in the protein. This protein is known to be
regulated by phenylalanine and, based on studies by Shumilin et al. [59] and Cui et al. [60]
on Escherichia coli DAHP synthases, we assumed the docking region for the tyrosine would
be similar. Analyzing the docking solutions, we could identify six residues in interaction
with at least one atom of the docked tyrosine: P160, Q164, 5190, G191, S193, and 1225.
In Figure 8, we present our solutions overlapped within the protein pocket, highlighting
the identified residues and some of the hypothetical bonds. Since the identified residues
present putative interactions with tyrosine, we supposed that altering these residues could,

in theory, inhibit the docking of this molecule.

Figure 7. Docking region used in our docking studies with the AroF-I from Pseudomonas putida
KT2440. The docking box is located at the coordinates (17.214, 39.976, 59.293), with dimensions of 44,
48, and 32 along the X, y, and z axes, respectively.
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To identify possible replacement residues for this region, we consulted the litera-
ture on known phenylalanine feedback-resistant mutations for phospho-2-dehydro-3-
deoxyheptonate aldolases in Escherichia coli (Cui et al. [60], Ding et al. [61]). Being neutral
and non-polar, alanine is frequently used as a replacement residue, but we also found other
candidates. We employed an alternative approach based on the structural and sequence
alignment of our target enzyme, AroF-I, with other enzymes known to exhibit natural
feedback resistance to tyrosine. The aim was to determine which natural residues occupy
the positions of those identified in our docking study. We considered UniProt entries
Q9YE]7 (AroG from Aeropyrum pernix), AOASCOXSG1 (aroF from Pyrococcus furiosus) and
Q9V1I0 (AroG from Pyrococcus abyssi) that were aligned with AroF-I and we identified
different amino acids present at positions corresponding to the target residues identified
in the docking approach. Finally, based primarily on amino-acid properties, we selected
one candidate mutation for each position. For each target residue, we chose a replace-
ment amino acid that was either neutral or exhibited opposing physicochemical properties
compared to the original in AroF-I. The chosen mutations can be seen in Table 1.

- )
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Figure 8. Overlapped solutions of the docking of tyrosine into the AroF-I from Pseudomonas putida
KT2440. In yellow we see the name and number of the residues that form a bond with at least one
solution. These residues are depicted with green carbons. The dashed lines highlight the found
interactions, and in white, we have the distance of the bonds.

4. Discussion

Cellular metabolic pathways, from the simple to the complex, are highly regulated in
response to external nutrient changes, internal metabolite accumulation, or stress responses
(Shimizu [62], Chubukov et al. [63]. Different strategies are adopted by the cell for these
tight regulations: genes transcriptional and/or translational regulations, through regulatory
proteins or small RNAs, and fine-tuning of enzymatic activities (Shimizu and Matsuoka
[64], Nudler [65]).
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One good example of tight metabolic regulation is found in fungi, bacteria, and plants,
with the production of aromatic amino acids (L-tyrosine, L-phenylalanine, L-tryptophane)
via the shikimate pathway. The shikimate pathway and how to optimize the metabolic
fluxes to overproduce certain intermediates were extensively studied in several microbial
chassis, especially since aromatic intermediates are widely used as raw materials in the
medical, chemical, food, and other industries (Wu et al. [66], Jiang and Zhang [67], Cao
et al. [68]).

In S. cerevisiae, the initial step of the shikimate pathway is catalyzed by two DAHP syn-
thase isozymes, encoded by ARO4 and ARO3 and regulated through feedback inhibition by
L-tyrosine and L-phenylalanine, respectively (Helmstaedt et al. [69]). In Escherichia coli three
DAHP synthase isozymes exist (aroF, aroG, aroH), each one being feedback-inhibited by
one of the three aromatic amino acids (Jayaraman et al. [16], Jossek et al. [70]). Regulation
of DAHP synthases, the entry point in the shikimate pathway, and the mechanisms involved
are well described and conserved among microorganisms (Mir et al. [71]). Some studies
were already done regarding the shikimate pathway in P. putida KT2440, but most of them
involve mutated enzymes from E. coli (Wierckx et al. [32], Calero et al. [33], Otto et al. [35]).
To our knowledge, no evidence of such a regulation was available for DAHP synthases from
P. putida even if a putative fbr mutant of AroF-I was described for P. putida S12 (Wierckx
et al. [32]). Knowing that P. putida KT2440 is well suited for the industrial production of
aromatic amino-acid derivatives. We thought to highlight the regulation of the shikimate
pathway in this strain and engineer a DAHP synthase to obtain a phenolypropanoids
overproducing strain.

Feedback-resistant mutants have initially been found using random mutagenesis and
screening of the best aromatic amino-acid producers (Ger et al. [72], Ray et al. [73], Kikuchi
et al. [74]). However, this process is time-consuming because promising mutants can be
hard to find among all the diversity created by random mutagenesis. Nevertheless, over
recent decades, the development of bioinformatics tools, combined with knowledge of
protein structure, functions, and regulations, have paved the way for the rational engi-
neering of protein (Jayaraman et al. [16], Lutz [75], Chen et al. [76], Nixon and Firestine
[77]) and allows us to create variants of genes purposefully as to obtain feedback-resistant
forms of DAHP synthases. We chose to apply these principles to the interesting AroF-I
DAHP synthase from P. putida KT2440, with the aim of having a reasonable set of rationally
designed candidates to obtain a feedback-resistant mutant of this enzyme. Using protein
structure modeling, ligand interaction modeling, and knowledge from the literature (Cui
et al. [60], Ding et al. [61]), several mutants of AroF-I were synthesized, then cloned and
expressed in E. coli. We were confident in the results obtained using bioinformatic tools, as
we successfully identified residues that had previously been described in similar DAHP
synthases. Not surprisingly, some mutations proved critical for protein expression and
activity, likely altering the protein’s secondary structure and preventing proper folding
(Faisca et al. [78], Sen et al. [79]). Regarding these issues in protein variant expression, it
may be worthwhile to conduct site-saturation experiments, as alternative amino-acid sub-
stitutions could influence the overall shape and activity of the enzyme. (Chronopoulou and
Labrou [80]). Another option would be to use AAG energy prediction between mutated
protein and wildtype as it is shown that energy variation can correlate with protein stabil-
ity(Marabotti et al. [81]). Even if predictions are not perfect and do not always correlate
with experimental values, these tools can help select candidates for experimental testing.
Fortunately, the prediction of mutation stability has advanced significantly in recent years,
and the development of new artificial intelligence models and algorithms will further
enhance the reliability of these predictions. (Pucci et al. [82], Fang [83], Cheng et al. [84]).
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Since we explored just a small set of mutations and experimentally tested them all, we did
not perform this type of prediction.

Among the few candidates we ordered, two single mutants showed better resistance
to tyrosine inhibition in vitro (P160L and S193A) without the need for intensive screening.
Pursuing our work further, we combined single mutations to create double mutants of
AroF-1. In the end, we demonstrated that the AroF-I P160L/S193A was a fully active
and fully tyrosine-resistant mutant. To our knowledge, despite a few studies of DAHP
synthases in other Pseudomonas strains (Wynands et al. [34]), this is the first rationally
designed and characterized mutant of a variant DAHP synthase for P. putida.

Single mutants capable of rendering a DAHP synthase feedback-resistant have never
been finely enzymatically characterized. Some mutations are known to impact the allosteric
regulation by tyrosine and phenylalanine, as discussed previously in this manuscript, and
the binding site of the E. coli DAHP synthase is known and composed of residues from two
adjacent subunits of a dimer (Shumilin et al. [59], Cui et al. [60]). However, the allosteric
mechanism is not fully understood, and the possible synergic effects of double mutants
have not yet, to our knowledge, been investigated. It is known that the synergistic effect
of mutations may render a protein more stable, even if identifying or understanding
these synergies is not straightforward (Hamborg et al. [85]). The same difficulty can be
translated into the study of allosteric regulation. One way of approaching this problem may
be through the aid of normal mode analysis methods. Normal mode analysis can help in
understanding allostery in proteins by exposing the dynamic relationships between structural
changes and functional outcomes. By analyzing the vibrational modes of proteins, we can
identify allosteric sites and predict how conformational changes propagate through the protein
structure (Greener and Sternberg [86], Yamato and Laprévote [87], Kolossvary [88]). Surely,
these methods do not exclude in vitro or in vivo validations, but it may be a way to
reduce the highly combinatorial solution space of mutations to explore. Another possibility
could be the exploration of deep learning methods and protein language models that
are literally revolutionizing the understanding of proteins (Ruffolo and Madani [89]).
These models can extract structural and functional insights from amino-acid sequences or
protein structures. This can help us to assess functional properties, and identify structural
features, thereby enhancing our comprehension of protein dynamics. However, pre-trained
protein language models alone are not enough since their accuracy and interpretability
remain limited. However, an approach based on few-shots (few or scarce data points)
used to retrain protein language models has been proven recently useful for this kind of
task (Schmirler et al. [90], Zhou et al. [91], Biswas et al. [92]).

We then decided to incorporate the promising variant into a P. putida strain, already
engineered to overproduce p-coumaric acid and screen the effect of a plasmid copy of
phhAB. Plasmid-driven gene expression is the easiest and most common strategy for
recombinant protein production, rapid screening, and strain engineering. It has been
extensively used in recent decades to study enzyme activities, namely in the well-known
T7 system in E. coli (Chen [93]). This system was used in this study to express, purify, and
assay the catalytic parameters of the AroF-I variants and compare them to each other.

However, studying the proteins in their bacterial environment has limitations when
expressed from a plasmid. It is thus preferable to opt for a chromosomal-driven strategy
(Goussé et al. [94]), explaining why we adopted this strategy to express our AroF-I vari-
ant. For example, a too-high translation rate can lead to inclusion bodies or proteolytic
degradation and thus a weak production (Kachroo et al. [95].). We can also be confronted
with metabolic burden and/or plasmid instability. Moreover, inducing gene expression
from a multi-copy plasmid is known to be a source of variability between batches when
compared to chromosomal integration or single-copy plasmid (Zucca et al. [96]). This is
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true if considering the pCA production with our Ppu235 strain bearing the phhAB plasmid,
which shows considerable variations between batches. Regarding the designed AroF-I fbr,
as the aim is to express a variant of a native enzyme, we chose the native chromosomal
locus. However, the choice of a different locus can also be interesting in the fine-tuning of
expression level or inserting an additional copy of the gene in the future (Tyo et al. [97]).
Moreover, when constructing a strain for secondary metabolite production, it is preferable
to adopt a strategy for the long-term stability of the strain. The technology we developed
allows the insertion of genes in the chromosome without scar or marker (e.g., antibiotic
resistance (Patent [98]). Several modifications can be performed in the genome at differ-
ent loci without the necessity of accumulating antibiotics or thinking about compatible
plasmids. This strategy will be performed as well for the chromosomal overexpression of
phhAB instead of a plasmid-driven expression.

Reviews on several microbial hosts showed that the deregulation of DHAP syn-
thase is not sufficient and that multiple engineering strategies have to be tested to obtain
a high-titer and high-yield production of aromatic amino acids and their derivatives
(Bilal et al. [19], Wu et al. [66], Li et al. [99]). The shikimate pathway is highly regulated, in-
terconnected, and central in bacterial metabolism. Thus, maximizing the fluxes towards the
production of L-Phe and L-Tyr needs efforts in cutting unnecessary reactions and boosting
key reactions (Bentley and Haslam [100], Liu et al. [101]). Further work will be needed
on the obtained Ppu235 strain to continue improving titer and yield and make it suitable
for industrial production of p-coumaric acid. For example, the derivation point around
chorismate in the shikimate pathway is known to be regulated to ensure a balance between
branched pathways (Kroll et al. [102], Brown and Dawes [103], Zhang et al. [104]). In Pseu-
domonas putida, a deregulated variant of the chorismate mutase-prephenate dehydratase
pheA (PP_1769, EC 5.4.99.5), catalyzing the conversion of chorismate to prephenate, was
found and used in production strains (Molina-Santiago et al. [28], Otto et al. [35]). Using
this pheA fbr variant in our Ppu235 strain could enhance the production of L-Tyr and
p-coumaric acid.

From an industrial perspective, an internal techno-economic study sets a target pCA
titer of at least 65 mM in large-scale bioreactors. Efficient sugar conversion is essential to
minimize both operating (OPEX) and capital (CAPEX) expenditures. Extrapolating from
our shake-flask data, and assuming typical P. putida bioreactor densities (OD600 of 30-50)
(Mokwatlo et al. [105]), our engineered strains are projected to achieve 55-92 mM pCA
without any supplementation. This represents a significant improvement over previous
efforts, such as the P. putida S12 strain requiring L-phenylalanine supplementation (10.6 mM)
and the highly engineered yeast strain achieving 76 mM (Flourat et al. [106]). Unlike these
approaches, our method combines rational enzyme engineering for feedback resistance
with stable chromosomal overexpression to enhance tyrosine flux. This strategy offers a
more robust and industrially relevant platform for pCA production, with the potential to
meet industrial demands and elevate bioproduction into the spotlight.

Also, thinking about product purification at the step of strain construction seems
important. To this extent, reducing or suppressing cinnamic acid production is crucial
to the development of an efficient process. With the maximization of fluxes towards L-
Phe and L-Tyr, we could end up with an accumulation of these amino acids. On the one
hand, an accumulation of L-Phe would lead to a greater production of cinnamic acid. On
the contrary, an over-accumulation of L-Tyr could lead to an incomplete conversion to
p-coumaric acid. To avoid the first hypothesis, chromosomal expression of phhAB is a
promising strategy, as described earlier in this work. Also, the use of bioinformatics tools
to identify or design highly active TAL enzymes unable to use L-Phe as a substrate to
form cinnamic acid seems of high priority. Several studies have reviewed works done on
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this enzyme to elucidate product specificity (Louie et al. [107], Watts et al. [108], Jendresen
et al. [109]). Finding a highly active TAL would also have the side effect of avoiding L-Tyr
accumulation and maximizing its conversion to p-coumaric acid.

In this study, we investigated the regulation of the shikimate pathway in Pseu-
domonas putida KT2440 with the aim of enhancing p-coumaric acid production. We success-
fully engineered an L-tyrosine feedback-resistant mutant of the DAHP synthase AroF-I
(P160L/S193A) using rational mutagenesis and computational modeling. This approach
proved advantageous over traditional random mutagenesis, leading to the identification of
key residues involved in tyrosine-mediated feedback inhibition. The resulting DAHP syn-
thase variant was incorporated into a P. putida strain previously pre-wired for p-coumaric
acid production. While plasmid-based overexpression of the phhAB gene was initially used
for rapid prototyping, future work will focus on chromosomal integration for long-term
strain stability. In parallel, further metabolic engineering strategies are planned to maximize
p-coumaric acid production. These include incorporating a deregulated chorismate mutase-
prephenate dehydratase and exploring the use of highly active, L-tyrosine-specific tyrosine
ammonia lyase (TAL) enzymes. By optimizing the metabolic pathway, especially with
the help of computer science, we aim to develop a robust strain for industrial p-coumaric
acid production.

5. Patents

A patent filed under the number W0O2022238645A1 is the result of the work presented
in this manuscript.
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Appendix A
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Figure Al. An illustration of the shikimate pathway and related routes based on KeGG data [110]. In
red, we have the shikimate pathway (upper part up to chorismate). Also, in red (after chorismate)
and magenta, we have the phenylalanine and tyrosine biosynthesis routes. In yellow we can see the
entry point to the biosynthesis of phenylpropanoids.
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Figure A2. SDS-PAGE gels showing purified proteins used in this study. The expected size is 37 kDa.

Table Al. Strain growth (OD) and concentration of phenolic compounds, concentrations normalized
by OD, and total phenolic compounds normalized by the OD. Grayed lines correspond to uninduced
and blank lines to induced conditions. CP stands for control plasmid, and PP for phhAB plasmid.
CA stands for cinnamic acid, and pCA for coumaric acid.

[pCA] [CA]

Strain 0OD600 (mM) (mM)

pCA/1IDO CA/1IDO Total Phenolics/IDO

Ppu201

Ppu201/CP 46 183 015 0.40 0.03 0.43
Ppu201/PP 31 180 0.03 0.58 0.01 0.59
Ppu235 34 192 066 0.56 0.20 0.76
Ppu235/CP 51 207 030 0.41 0.06 0.46
Ppu235/PP 16 221 007 1.38 0.04 142

Ppu201

Ppu201/CP 41 182  0.14 0.44 0.03 0.48
Ppu201/PP 31 1.76  0.03 0.57 0.01 0.58
Ppu235 3.8 1.83  0.65 0.48 0.17 0.65
Ppu235/CP 4.6 219 036 0.48 0.08 0.55
Ppu235/PP 1.1 226  0.06 2.05 0.05 2.10
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Table Al. Cont.

Strain OD600 [pCAI [CAI pCA/1IDO CA/1IDO Total Phenolics/1IDO
(mM) (mM)
Ppu201 44 0.27 0.14 0.06 0.03 0.09
Ppu201/CP 4.7 1.90 0.15 0.41 0.03 0.44
Ppu201/PP 3.2 1.85 0.03 0.58 0.01 0.59
Ppu235 3.5 1.98 0.68 0.56 0.20 0.76
Ppu235/CP 5.4 2.45 0.39 0.45 0.07 0.53
Ppu235/PP 1.6 2.37 0.07 1.48 0.04 1.52
Ppu201 3.7 1.5 0.30 0.41 0.08 0.49
Ppu235 4 1.3 0.80 0.32 0.20 0.52
Ppu201/PP 3.3 14 0.10 0.42 0.03 0.45
Ppu235/PP 3.6 1.8 0.36 0.50 0.10 0.60
Ppu201 3.8 14 0.30 0.38 0.08 0.46
Ppu235 3.9 1.3 0.74 0.33 0.19 0.52
Ppu201/PP 0.4 0.5 0.01 1.26 0.03 1.29
Ppu235/PP 0.4 0.8 0.02 2.08 0.05 2.13
Ppu201 4 1.5 0.28 0.38 0.07 0.45
Ppu235/PP 4.2 14 0.76 0.34 0.18 0.52
Ppu201/PP 3.6 14 0.11 0.40 0.03 0.43
Ppu235/PP 4 1.8 0.32 0.46 0.08 0.54
Ppu201 4 1.5 0.32 0.38 0.08 0.46
Ppu235 4.1 1.5 0.74 0.36 0.18 0.54
Ppu201/PP 0.5 0.5 0.01 0.99 0.02 1.01
Ppu235/PP 0.8 1.1 0.02 1.40 0.03 143
Ppu201 4.5 2.2 0.32 0.49 0.07 0.56
Ppu235 4.6 2.1 0.74 0.45 0.16 0.61
Ppu235/PP 4 2.2 0.36 0.56 0.09 0.65
Ppu201 5.1 3.0 0.46 0.58 0.09 0.67
Ppu235 5.4 2.5 0.86 0.47 0.16 0.63
Ppu235/PP 0.5 1.2 0.04 2.43 0.08 2.51
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Abstract: Background/Objectives: Burns are a prevalent health concern that manifest
on the skin’s surface or within organs due to various traumas and necessitate prompt
intervention. The healing process of the skin involves a sequence of time-dependent events,
commencing with the activation of growth factors and culminating in the expression of
various genes. To expedite the healing process of burn wounds, there is a need to develop
biodegradable materials and new technologies that are compatible with the skin. Methods:
In this study, the roles of tilapia (TL, Oreochromis niloticus) fish skin in burn wound treatment
processes were investigated. TL or TL-alginate hydrogels (AGTL) were applied to a burn
wound created in Sprague Dawley rats for 7 and 14 days. Following the administration of
treatment, the levels of hydroxyproline, a critical element in tissue reorganization, along
with the gene expression levels of COL1A1, COL3A1, MMP-2, and MMP-9, and the protein
expression levels of MMP-2 and MMP-9 were evaluated. Results: Wound closure processes
were faster in AGTL-groups compared to TL-groups, and hydroxyproline levels were found
to be higher. While the increase in MMP-2 levels was less, the increase in MMP-9 gene and
protein levels was greater in the AGTL-group. Concurrently, COL1A1 levels decreased over
14 days, while COL3A1 levels increased in the AGTL-group. Conclusions: Consequently,
it was determined that the biological substances in the TL structure, in conjunction with
alginate, were effective in the healing and reorganization of the wound tissue. This finding
suggests that tilapia may provide a valuable source of insights for future studies aimed at
developing effective wound dressings for wound tissues.

Keywords: burn; fish skin, MMP-2; MMP-9; hydroxyproline

1. Introduction

Burns are the most common type of injury in everyday life, and they are caused
primarily by heat or contact with chemicals, electricity, friction, and radioactivity on the
outer surface tissue of organs located on or under the skin. Burns are critical and costly
problems that require care depending on the type and extent of the material in contact.
In cases of burns, depending on the degree of severity, they can be fatal depending on
the complications that occur. On the other hand, non-fatal burns are one of the leading
causes of morbidity, including long-term hospitalization, deformity and disability, as well
as stigma and rejection [1,2]. In recent years, there has been an increasing tendency to
utilize biological resources in the development of dressing materials with the objective of
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accelerating the healing process of patients and reducing the duration of hospital stay for
burn treatment. These resources encompass both plant-based compounds and proteins
derived from animal sources, which are engineered into forms compatible with various
types of wounds [3,4].

Tilapia (Oreochromis niloticus) is a freshwater fish species belonging to the Cichlidae
family. It is notable for its high economic and nutritional value. Tilapia is able to tolerate
elevated water temperatures and wide pH ranges, which makes it a resilient species.
The skin of tilapia fish has been utilized in burn treatment due to its reported wound
healing properties [5,6]. These properties are attributed to the presence of unique biological
components in the healing process. Recent studies have demonstrated a clear increase in
the utilization of biological materials in treatment methods. Fish skin grafts, in particular,
have been shown to accelerate wound healing due to their content. These grafts have
demonstrated promising results in the treatment of diabetic foot ulcers and venous leg
ulcers, suggesting their potential for use in the treatment of various other acute and chronic
wounds [7]. Collagen, a protein that has the potential to support wound healing, is found
in large amounts in fish skin [8]. Research findings have demonstrated that collagen,
when dissolved using a tilapia fish source, has enhanced efficacy in promoting wound
healing processes [9,10]. Tilapia skin has been reported to contain a collagen content
exceeding 40% on a dry weight basis, and it is also used in the production of collagen
peptides [11,12]. An analysis of the amino acid composition of collagen obtained by means
of enzymatic hydrolysis from tilapia revealed that glycine, proline, and hydroxyproline, as
the predominant amino acids, accounted for 20.92%, 11.32%, and 10.28%, respectively [9].
Research has demonstrated that collagen in tilapia comprises the following same four
subunits: (3 chains, y chains, and two « chains («1 and «2). The fibrillar structure of
collagen is responsible for its significant enhancement of cell adhesion capacities [13].
Therefore, it has been suggested that it is safe to use in the production of collagen-containing
biomaterials and as a dressing material. Tilapia has been reported to be biosafe in studies
conducted on patients, with accelerated wound healing being a notable outcome [14]. It has
been documented that the addition of silver nanoparticles to tilapia skins via polyaniline
coating enhances antibiofilm activity. Moreover, it is postulated that this process may play
a pivotal role in combating contamination by Staphylococcus aureus [15,16]. Additionally,
the potential of silver nanoparticles to mitigate collagen loss during the sterilization of
tilapia skin grafts has been underscored. The development of modified tilapia skin grafts
that exhibit antimicrobial properties is also recommended [17].

The process of wound healing is accompanied by a series of molecular mechanisms in
the physiological process, which consists of four stages. Collagen, a structural protein, plays
a critical role in wound healing; however, its production and reorganization are subject to
rigorous regulation by enzymes such as matrix metalloproteinases (MMPs). Among the
MMPs, MMP-2 and MMP-9 are of particular significance, as they play a pivotal role in the
degradation of collagen, particularly type I and type III collagen. MMP-2 interacts with
basement membrane structures, such as type IV and type V collagen, while MMP-9 targets
collagens located more in the connective tissue and outer cell matrix [18]. In the post-burn
healing process, the excessive activation or inhibition of these MMPs can determine the
speed and quality of healing. Therefore, the balanced activities of MMP-2 and MMP-9
in burn healing are important for both optimal wound healing and the prevention of
scar formation [19,20]. Collagen’s function is most significant in the remodeling stage,
which is the third stage of the process [21,22]. The remodeling stage is to restore normal
tissue structure and ensure the formation of scar tissue with collagen [23]. The function
of collagen in this stage is particularly important, as it acts as a biodegradable protein for
cellular migration and capillary growth, which are essential for the repair process [24].
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In this study, a hydrogel form of tilapia skin was developed for use in burn cases, and
its role in wound healing processes in rats was investigated. The aim was to determine
changes in markers such as hydroxyproline, MMP-2, MMP-9, COL1A1, and COL3A1,
which play important roles in collagen production and destruction, in tilapia skin hydrogels
in burn wounds created in rats and to investigate whether they could be a dressing material
that could be used in the clinic.

2. Materials and Methods
2.1. Preparation of Hydrogels from Tilapia and Alginate

Oreochromis niloticus, commonly known as the tilapia (TL) fish, were procured from a
cultivation facility (Konya, Turkey). The skins of these fish were meticulously separated
through mechanical means on ice using a sharp knife. The process of sterilization entailed
the meticulous removal of the tilapia skin, which was then immersed in a solution of
povidone iodine for a period of 10 min. This was followed by a thorough cleansing with
NaClI (0.1%), which was repeated three times. For the decellularization process [25], the
skin sample was subjected to an incubation in a phosphate-buffered saline (PBS) solution
comprising 0.5% Triton X and 0.02% sodium azide at a rotary speed of 100 rpm for a
duration of 1 h at ambient temperature. Subsequently, the sample underwent two washes
with phosphate-buffered saline (PBS), each lasting 5 min and conducted at 100 rpm at room
temperature. Subsequently, the decellularized skin sample was subjected to incubation
with a trypsin solution (0.05 g/mL trypsin in 1 M Tris-HCI, pH 8.5) for a duration of 1 h
at room temperature. Following this, the sample was thoroughly washed with PBS to
ensure the removal of any residual enzymes. Subsequently, a sterilization solution was
formulated containing 50% glycerol, 1% penicillin streptomycin, and an antifungal agent
(2.5 pg/mL Amphotericin B), with the objective of ensuring long-term sterilization. Sodium
alginate (AG W201502, Sigma-Aldrich Saint Louis, MO, USA,) was dissolved (0.1 g/mL)
in sterile PBS and filtered through a 0.45 micron sterile filter. Sterile calcium chloride
solutions (2% w/v) were prepared to reduce the agent. Then, the solution was prepared
at a concentration of 1.25% AG. After the tilapia skin (1 g) was homogenized in the KCL
solution (10 mL), it was mixed with alginate in equal proportions (10 mL homogenate and
10 mL alginate solution), and the calcium solution (2 mL) was added and kept for 5 min for
the formation of the alginate complex. Then, TL-alginate hydrogels (AGTL) were washed
with a sterilization solution (50% glycerol, 1% penicillin streptomycin, and 2.5 pg/mL
Ampbhotericin B). Alginate was selected due to its non-toxic composition and substantial
water retention capabilities. The decision was made to employ alginate in its hydrogel
form to facilitate the adhesion of tilapia skin to the wound surface. The resultant AGTL
hydrogel was transferred into a sterile PBS container and subsequently stored in capped
falcons. The alginate hydrogels were meticulously shaped into dimensions commensurate
with the size of the wound. While AGLT was being placed on the wound surface, it was
placed on a dressing to prevent slipping, and the back area of the animals was covered
with a plaster. Tilapia hydrogel production stages and experimental design for applications
are included in Figure 1.
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Figure 1. Tilapia hydrogel production stages and experimental design.

2.2. Characterization of AGLT Hydrogels

The rheological behaviors of the hydrogels were measured using a rheometer (HAAKE
MARS 40 Rheometer, Thermo Fisher Scientific Inc., Waltham, MA, USA). AG and AGTL
viscosity and shear rate were measured every 10 s for 1 min.

Since the wound surface is acidic, the swelling properties of AG or AGLT-containing
hydrogel samples were investigated at different pH values. For swelling tests, hydrogel
samples were dried in a vacuum oven at 40 °C, and their weights were measured. The
dried hydrogels were placed in PBS (pH: 7.4) or acetate buffer (acetic acid/sodium acetate,
pH: 4.5) at 25 °C, and the time of placement was taken as t = 0 min. At specified time
intervals, the hydrogel sample was removed from the buffer, weighed, and returned to the
buffer medium. This process continued until the hydrogel reached its equilibrium swelling
value. The swelling values of the hydrogels were calculated by subtracting the mass of the
swollen hydrogel from the initial mass of the dry hydrogel.

2.3. Burn Model Creation and Treatment Groups

This study was approved by the Ethical Committee for Animal Experiments at the
Aydin Adnan Menderes University, approval number (2023/75). All experiments were
conducted according to the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health [26], and the experiments were reported according to the
ARRIVE guidelines [27], Aydin Experimental. The burn model was created by anesthetizing
the Sprague Dawley Rats (250-300 g, 3 months old) with 75-90 mg/kg of ketamine (5%;
Pfizer Inc., New York, NY, USA) and 5-8 mg/kg of xylazine (2%; Bayer Health Care AG,
Leverkusen, Germany) intraperitoneally, and then catheterization was performed from the
lateral tail vein with a 24 Gauge intravenous catheter. The dorsal areas of the anesthetized
rats were shaved and cleansed with povidone iodine for 10 min [28]. A 4 cm X 4 cm metal
plate was heated by immersing it in boiling water (100 °C) for 15 s. Then, the heated metal
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plate was placed on the shaved back of the rat without applying pressure and held for 20 s
with a stopwatch, and the same amount of time was applied to all rats. In the experimental
group, 6 were used in each group. The following experiments were conducted: A 7-day
or 14-day group was created for the burn models, then and a group with no treatment
for 7 or 14 days was created. A TL-7-day or TL-14-day burn model was created, and then
tilapia skin was applied for 7 or 14 days. An AGTL-7-day or AGTL-14-day burn model was
created and then tilapia-containing hydrogel skin was applied for 7 or 14 days. Animals
were placed in each cage individually. Infection monitoring and dressing monitoring
were performed daily, and no infection was observed during the experiment. During the
creation of the burn model and the treatment period, no rats were lost. The experiment
concluded with the survival of all rats. The wound size was measured with a caliper and
evaluated through the documentation of photographs. At the end of the experiment, rats
were euthanized, and burn tissues were excised and utilized for biochemical, molecular,
and histological analyses.

2.4. Gene Expression with gPCR

The isolation of RNA was conducted in accordance with the stipulated recom-
mendations of the total RNA purification kit (GeneAll, Hybrid-RTM 305-101, Seoul,
Republic of Korea). To this end, 100 mg of skin tissue was homogenized with the RiboEx
RNA cell lysis buffer, which was included in the aforementioned kit. Thereafter, the ho-
mogenate was subjected to incubation for a period of five minutes at ambient temperature.
The mixture was then subjected to a centrifugation process at 12,000 g for 10 min at a
temperature of 4 °C. The resultant pellet was transferred to a fresh tube and utilized for
RNA isolation. The quantity of RNA was subsequently quantified using nanodrops. To syn-
thesize cDNA from the RNA samples, a commercial kit containing a reverse transcriptase
enzyme was employed, following the manufacturer’s recommended protocol (Applied
Biosystems Inc., High Capacity cDNA Reverse Transcription Kit, Catalog no. 4368813,
Vilnius, Lithuania). Subsequently, a mixture of random primer and RNA samples was
prepared and maintained at 25 °C for a duration of 10 min. Subsequently, the samples were
subjected to incubation at 37 °C for two hours and at 85 °C for five minutes to facilitate the
synthesis of cDNA. The quantity of cDNA obtained was then measured using nanodrops.
To perform quantitative PCR (qPCR) reactions, 100 ng of cDNA was utilized, along with
primers specific to MMP2 and MMP9 genes. GAPDH was selected as the housekeeping
gene for normalization purposes. Primer sequences were used for MMP-2 Forward 5'-
AGCAAGTAGACGCTGCCTTT-3/, Reverse 5'-ACCTGGGATCCCCTTACCTC-3'; MMP-9
Forward 5-CTTCTCTTTCGTAGGGCGCA-3/, Reverse 5'-TAGGGCTCCTCCTACTGGTG-
3’; COL1A1 Forward 5-ATGGATCAGGCCAATGGCAA-3', Reverse 5'-TGTTACTTACAG-
TGCAGCCA-3’; COL3A1 Forward 5-GCGAAGGCAACAGTCGATTC-3/, Reverse 5'-
GGACCTGGTCTGGGGATACT-3'; and GAPDH Forward 5'-TTCCACCTTTGATGCTGGG-
G-3/, Reverse 5-~AGAGGGCACCAAACCTTCAG-3'. The cDNA was subsequently di-
luted for qPCR, and the reaction mixture was prepared using a sybr green master mix
(Applied Biosystem Inc., Vilnius, Lithuania, Catalog no. 4309155). The prepared mixture
was configured to yield a total reaction volume of 20 uL per well. It was then subjected
to the following thermal cycling conditions: 95 °C for 10 min (1 cycle), 95 °C for 15 s, and
qPCR experiments were subsequently conducted on the qPCR device (Applied Biosystems
StepOnePlus Real-Time PCR System) in accordance with the following program: 57 °C for
20's, 72 °C for 30 s (40 cycles), 95 °C for 2 min (1 cycle).

85



BioChem 2025, 5, 8

2.5. Protein Expression with Western Blotting

Skin tissues were lysed in homogenization buffer containing 1% Triton X-100 and
NP40, along with a protease inhibitor cocktail. The samples were then kept on ice to allow
cell lysis. Subsequently, the samples were centrifugated at 12,000x g at 4 °C for 10 min,
after which Western blot studies were performed on the upper phase. Samples were boiled
at 95 °C for 5 min with sample loading buffer prepared at a 1:1 ratio. Some 12% SDS-PAGE
gels were prepared, and samples containing 25 pg/mL protein were loaded into each well.
Immunoblotting was performed with a semi-dry system to transfer proteins in the gel to
the PVDF membrane. Following this, the PVDF membrane was blocked with 3% BSA for
2 h at room temperature and then incubated with primary antibody (1:500 dilution, MMP-2
sc-10736, MMP-9 sc-10737, GAPDH sc-32233) overnight. After this step, the membrane
was washed 3 times with TBST and treated with a secondary antibody (1:2000 dilution,
anti-rabbit-HRP sc-2357, and anti-mouse-HRP sc-2060). Then, it was incubated with a
solution containing chemiluminescence substrate (Santa Cruz, Dallas, TX, USA, Western
Blotting Luminol Reagent: sc-2048) for 1 min in the dark. The bands obtained in the
imaging system (Syngene GBox Chemi XRQ) were evaluated by densitometric analysis,
with GAPDH serving as the reference protein in the densitometric analysis and calculations
to eliminate changes in the samples. Densitometric analysis of the bands was performed in
the Image]J 1.54 software (NIH, Bethesda, MD, USA) program.

2.6. Hydroxyproline Assay

Hydroxyproline (4-hydroxyproline) is a non-proteinogenic amino acid that is formed
through the process of the post-translational hydroxylation of proline. Hydroxyproline
is the predominant component of collagen and is employed as an indicator of collagen
content due to its ability to stabilize the helical structure. To ascertain the impact of tilapia
hydrogels on wound healing, the levels of hydroxyproline in the tissue were quantified by
ELISA, a technique that utilizes a commercial kit for homogenized skin tissues. The Hydrox-
yproline Quantification Kit (Sigma-Aldrich MAK569, Saint Louis, MO, USA) was utilized
in accordance with the protocol established by the kit’s manufacturer. The measurement of
colorimetric color changes at 560 nm in the tissue sample was performed.

2.7. Histological Staining

To examine cell activities, hematoxylin-eosin (HE) staining was performed on biopsy
samples taken from the rat burn model [29]. To observe the collagen factor during the heal-
ing process, Masson trichrome staining was performed [30]. After cervical dislocation, the
skin tissues of the animals in the groups were placed in 4% paraformaldehyde solution and
kept at 4 °C for histological examination. Tissue tracking was performed with a tissue track-
ing device, and the tissues were embedded in paraffin. This process includes the following
steps: tissue collection, fixation, dehydration, transparency, impregnation, and embedding.
Each paraffin block was sectioned at a thickness of 5 um, and HE staining was performed
on a number of sections for light microscope (Zeiss Axio Vert.Al, Jena, Germany).

2.8. Statistical Analysis

The data are presented as the means & standard deviations. Statistical analyses
were conducted using GraphPad Prism 7. p values less than 0.05 were considered to be
statistically significant. The normality of distributions between groups was analyzed using
one-way analysis of variance (ANOVA). Additionally, the Bonferroni and Tukey post-hoc
tests were employed to further explore the data.
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3. Results
3.1. AG and AGTL Hydrogel Viscosity and Swelling Rate

The viscosity was measured as a function of shear rate at 25 °C using a rheometer
setup. The hydrogel exhibited shear-thinning behavior, with viscosity decreasing as shear
rate increased, indicating its suitability for extrusion-based applications, such as dressing
material for injury. AG and AGTL viscosity were measured in a shear rate range of
1-1000 s~! by increasing the shear rate every 10 s for one minute. The resultant shear
viscosity values for 1.25% alginate at 25 °C were found to be 381 mPa s, while AGTL shear
viscosity exhibited a value of 241 mPa s at the same temperature. In the rheological analysis
of hydrogels, an examination was conducted of the relationship between shear rate and
viscosity. It was observed that, as the shear rate increased, viscosity decreased. It was
determined that the gel exhibited a certain degree of strength at shear rates ranging from
250 to 500 s per minute, as indicated by the shear stress, indicating that the gel was not
highly fluid (see Figure 2a).
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Figure 2. (a) Rheological characterization of the alginate hydrogel with a shear rate vs. viscosity
curve. (b) Swelling behavior of alginate hydrogel in buffer solutions with a pH of 7.4 and a pH of 4.5
over time.

The swelling ratio (%) was measured at regular time intervals to evaluate the hy-
drogel’s responsiveness to different pH conditions. The percentage swelling values of
hydrogels in pH 7.4 and pH 4.5 buffer environments are illustrated in Figure 2b. It was
determined that the water retention capacity of hydrogels decreased in AG at a pH of 4.5;
however, this decrease was less in AGTL. The buffering effect of collagen and proteins
present in the AGTL structure contributes to its resistance against changes in acidic en-
vironments, thereby minimizing water loss. This behavior highlights the pH-dependent
nature of alginate hydrogels, which is relevant for applications in dressing material for
burn injury.

3.2. TL and AGTL Treatment Effects on Wound Closure

As illustrated in Figure 3a, images of the burn wounds were captured on the 7th and
14th days post-treatment in rats. Figure 3b presents the calculated wound closure rates,
indicating a statistically significant difference (p < 0.001) in the burn wound closure between
the untreated group on the 14th day and the 7th day. The 7-day TL treatment administered
to the burn wound exhibited a significant increase in comparison to the 7-day untreated
group (p < 0.05). Similarly, the 14-day TL treatment demonstrated a significant increase
in comparison to the 14-day untreated group (p < 0.05). Furthermore, the 7-day AGTL
treatment administered to the burn wound exhibited a significant increase in comparison to
the 7-day untreated group (p < 0.01). Similarly, the 14-day AGTL treatment demonstrated a
significant increase in comparison to the 14-day untreated group (p < 0.01).
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Figure 3. (a) Macroscopic wound images of TL and AGTL treatment in rats on day 0, day 7, and
day 14. (b) The wound closure percentages. (c) Hydroxyproline levels of TL and AGTL treatment on
day 7 and day 14 (* p < 0.05, ** p < 0.01,*** p < 0.001 day 7, # p < 0.05, ## p < 0.01, ### p < 0.001 day 14
compared with no treatment group).

3.3. TL and AGTL Treatment Effects on Hydroxyproline

Changes in hydroxyproline levels, a critical indicator of wound healing, are demon-
strated in Figure 3c. A significant increase in hydroxyproline levels was observed in the
untreated group on day 14 compared to the untreated group on day 7 (p < 0.001). However,
no significant change was detected when TL treatment applied to the burn wound on
day 7 was compared to the untreated group on day 7. A similar outcome was observed
when TL treatment for 14 days was compared to the untreated group on day 14 (p < 0.01).
AGTL treatment applied to the burn wound on day 7 demonstrated a significant increase
in hydroxyproline levels compared to the untreated group on day 7 (p < 0.001). Conversely,
no significant increase in hydroxyproline levels was observed when 14 days of AGTL
treatment was compared to the 14-day untreated group (p < 0.001).

3.4. TL and AGTL Treatment Effects on MMP-2 and MMP-9 Gene and Protein Expression

Western blot gel images of the groups belonging to MMP-2 are shown in Figure 4a.
No significant change was observed in the pro-MMP-2 protein expression levels in burn
wounds on rats on day 7 and 14 (Figure 4b). Changes in active MMP-2 protein expression
levels after TL and AGTL application on day 7 and 14 in burn wounds on rats are shown
in Figure 4c. On day 14, the untreated group exhibited a substantial increase in active-
MMP-2 protein expression levels in comparison to the untreated group on day 7 (p < 0.001).
Similarly, TL treatment administered on day 7 resulted in a significant increase in MMP-2
protein expression levels when compared to the untreated group on the same day (p < 0.05).
No significant change was observed when the 14 days of TL treatment group was compared
with the 14 days of untreated group. A significant increase was observed when group
with 7 days of AGTL treatment applied to the burn wound was compared with the 7 days
untreated group (p < 0.001). No significant change was observed in active-MMP-2 protein
levels when 14 days of AGTL treatment was compared to the 14 days of untreated group.
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Figure 4. (a) MMP-2 western blot image of TL and AGTL treatment on day 7 and day 14, TL and
AGTL treatment on day 7 and day 14 (b) pro-MMP-2 band and (c) active MMP-2 band (d) MMP-2
gene expression analyses of TL and AGTL treatment on day 7 and day 14 (* p < 0.05, *** p < 0.001 on
day 7, ### p < 0.001 on day 14 compared with no treatment group).

As illustrated in Figure 4d, the present study examined alterations in active MMP-2
gene expression levels following TL and AGTL application on the 7th and 14th days in
burn wounds in rats. The investigation revealed no statistically significant change in
MMP-2 gene expression levels on the 14th day in the untreated group of the burn wound
compared to the 7-day untreated group. A significant increase was observed in the 7-day
TL treatment applied to the burn wound compared to the 7-day untreated group (p < 0.001).
However, no significant change was observed in the 14-day TL treatment compared to the
14-day untreated group. A significant increase was observed in the 7-day AGTL treatment
applied to the burn wound compared to the 7-day untreated group (p < 0.05). However, no
significant increase was observed in the MMP-2 gene expression levels when compared to
the 14-day AGTL treatment compared to the 14-day untreated group (p < 0.001).

Western blot gel images of the groups belonging to MMP-9 are shown in Figure 5a.
No statistically significant alterations were observed in the protein levels of pro-MMP-9
(see Figure 5b). The alterations in active MMP-9 protein expression levels subsequent to TL
and AGTL application on the 7th and 14th days in burn wounds in rats are presented in
Figure 5c. A significant decrease in active-MMP-9 protein expression levels was observed
on the 14th day in the untreated group of the burn wound compared to the 7th day in
the untreated group (p < 0.01). A significant decrease was also observed when the 7-day
TL treatment was applied to the burn wound compared to the 7-day untreated group
(p < 0.01). However, no significant change was observed when 14 days of TL treatment was
compared to the 14-day untreated group (p < 0.05). A significant decrease was observed
when the 7-day AGTL treatment was compared to the 7-day untreated group (p < 0.001).
However, no significant change was observed in active-MMP-9 protein levels when the

14-days AGTL treatment was compared to the 14-day untreated group. As illustrated
in Figure 5d, the application of TL and AGTL on days 7 and 14 post-burn in rat models
resulted in alterations in active MMP-9 gene expression levels. A notable increase in
MMP-9 gene expression levels was observed in the untreated group on day 14 compared
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Figure 5. (a) MMP-9 western blot image of TL and AGTL treatment on day 7 and day 14, and TL and
AGTL treatment on day 7 and day 14; (b) pro-MMP-9 band and (c) active MMP-9 band; (d) MMP-9
gene expression analyses of TL and AGTL treatment on day 7 and day 14 (* p < 0.05, ** p < 0.01,
***p <0.001 onday 7, #p < 0.05, ## p < 0.01 on day 14 compared with no treatment group).

3.5. TL and AGTL Treatment Effects on COL1A1 and COL3A1 Gene Expression

As illustrated in Figure 6a, the data demonstrate a notable decrease in COL1A1 gene
expression levels on the 14th day in the untreated group of the burn wound compared
to the 7th day of the untreated group (p < 0.001). In contrast, a significant increase in
COL1A1 gene expression levels was observed in the 7-day TL treatment group compared
to the 7-day untreated group (p < 0.05). However, no significant change was observed
when the 14-day TL treatment was compared to the 14-day untreated group. A significant
increase in COL1A1 gene expression levels was also observed in the 7-day AGTL treatment
group compared to the 7-day untreated group (p < 0.001). However, no significant increase
was observed in COL1A1 gene expression levels when the 14-day AGTL treatment was
compared to the 14-day untreated group (p < 0.05).

As illustrated in Figure 6b, the data demonstrate a notable increase in COL3A1 gene
expression levels in the untreated group of the burn wound on the 14th day compared to
the 7th day of the untreated group (p < 0.001). A significant change was observed when the
7-day TL treatment was compared to the 7-day untreated group (p < 0.05). A significant
increase was observed when the 14-day TL treatment was compared to the 14-day untreated
group (p < 0.001). No significant change was observed when the 7-day AGTL treatment
was compared to the 7-day untreated group. However, a significant increase in COL3A1
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Figure 6. (a) COL1A1 and (b) COL3A1 gene expression of TL and AGTL treatment on day 7 and
day 14 (* p < 0.05, *** p < 0.001 on day 7, # p < 0.05, #### p < 0.001 on day 14 compared with no
treatment group).

3.6. TL and AGTL Treatment Effects on Skin Tissue Epithelization and Collagen Fibers

In histological analyses performed on tissues, an evaluation was made in terms of
skin epithelialization and hair follicles in HE staining (Figure 7a). On the seventh day,
the absence of treatment resulted in an increase in inflammatory cells and the initiation
of epithelization in the skin tissue. On the seventh day, the TL-treated groups exhibited
progenitor cell formation, hair follicles, and an augmented epithelium layer. On the seventh
day, the AGTL-treated groups demonstrated adipocytic tissue that was clearly discernible
and dense epithelization. On the seventh day, the groups that were not treated exhibited
light epithelization and hair follicles. On the fourteenth day, the groups that were treated
exhibited dense cell formations and increased epithelization. On the fourteenth day, the
groups that were treated exhibited dense hair follicles, aggregated cells, epithelium layer,
and regeneration of the epidermis. Wound epithelization data (Figure 7b) demonstrated a
notable increase in the untreated group of the burn wound on the 14th day compared to the
7th day (p < 0.001). No significant change was observed when the 7-day TL treatment was
compared to the 7-day untreated group, but the 7-day AGTL group increased compared to
the untreated group (p < 0.001). A significant increase was observed when the 14-day TL or
AGTL treatment was compared to the 14-day untreated group (p < 0.01, p < 0.001).

Histological analyses were performed with Masson trichrome staining to evaluate the
amount and distribution of connective tissue in the burn area. Blue staining of collagen
fibers indicates the presence and distribution of connective tissue. The results showed
that blue staining was scattered in the untreated groups, while in TL and AGTL treatment,
blue staining was found to be more intense and healing in terms of providing connective
tissue integration. Additionally, it was observed that the connective tissue of the skin
increased, and fibrosis occurred, especially in 14-day treatments (Figure 7c). The collagen
ratio (Figure 7d) increased in the untreated group of the burn wound on the 14th day
compared to the 7th day (p < 0.01). A significant change was observed when the 7th day of
the TL or AGTL treatment was compared to the 7th day of the untreated group (p < 0.001).
A significant increase was observed when the 14th day of the TL or AGTL treatment was
compared to the 14th day of the untreated group (p < 0.001).
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Figure 7. Microscopic images of (a) HE and (b) Masson trichrome staining (Scale bar: 100 pum);
(c) wound epithelialization percentage; and (d) collagen ratio of TL and AGTL treatment on day 7
and day 14 (** p < 0.01, ** p < 0.001 on day 7, ## p < 0.01, ### p < 0.001 on day 14 compared to the no

treatment group).

4. Discussion

Wound healing consists of the following three basic phases: inflammatory, prolifera-
tive, and maturation. The inflammatory phase is clot formation followed by inflammatory
cell formation at the wound or injury site. This phase lasts 2-5 days and includes vaso-
constriction, platelet aggregation, and clot formation followed by vasodilation and phago-
cytosis. The second phase, consisting of granulation, contraction, and epithelialization,
lasts approximately 2-3 weeks. Then comes the maturation phase, where new tissue is
formed, and this phase lasts for about 3 weeks. When a superficial wound in the skin is
damaged, it quickly passes the threshold of hemostasis, which is the primary phase of the
healing process. Excessive bleeding is prevented by the onset of coagulation in the blood
vessels, which results in the accumulation of platelets around the endothelial region and
the formation of a plug. This is how platelets form a blood clot. The formation of a clot not
only stops bleeding, but it also serves as a temporary matrix for cell migration [31,32]. The
primary events contributing to wound closure are epithelialization, wound contraction,
and collagenous scar formation, which are the results of wound healing. MMPs are prote-
olytic enzymes that hydrolyze the tissue matrix. MMPs facilitate keratinocyte migration by
destroying structures in the extracellular matrix that impede keratinocyte migration [33].
MMP-2 and MMP-9 facilitate the separation of keratinocytes in the basal layer from the
basement membrane and their movement [34].

Research conducted in various laboratories has demonstrated that matrix metallo-
proteinases (MMPs) derived from epithelial cells regulate a series of events during the
inflammatory phase of wound healing. These events include the transepithelial migration
of leukocytes and the emergence of signaling proteins, such as chemokines. It has been
confirmed that MMPs are prominently expressed in inflammatory cells and that stromal
and epithelial cells in the wounded area also express multiple MMPs, including MMP 1, 2,
3,7,9,10, and 28 [35]. It has been reported that MMP-2 can be secreted from macrophages
during the wound healing process and plays a significant role in gene regulation in in-
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flammatory regions [36]. With the exception of MMP-2 and MMP-9, which have been
observed to have negative or inhibitory effects on cell proliferation, the vast majority of
MMPs have been reported to positively influence the wound healing process [37]. During
the initial phases of wound healing, there is an increase in collagen synthesis, followed by
a subsequent decrease as the wound heals. MMP-2 and MMP-9, classified as gelatinase
enzymes, are responsible for the degradation of collagen on the wound surface. This pro-
cess involves the conversion of collagen fibrils, which are insoluble in nature, into soluble
gelatin peptides [38]. During the normal wound healing process, the synthesis of type III
collagen occurs initially, followed by type I collagen synthesis, which occurs later. As the
wound heals, a process known as maturation occurs, which involves the reorganization of
the wound healing process. This maturation results in a decrease in the ratio of type III
collagen to type I collagen. Consequently, the amount of the extracellular matrix (ECM),
water, and glycosaminoglycan also decreases [39,40].

In the present study, it was determined that there was a significant increase in hydrox-
yproline levels, which serves as an important marker for collagen levels, in the TL and
AGTL groups. Furthermore, it was determined that epithelialization increased even more
with AGTL, and that the humidity in the environment accelerated collagen formation. In
terms of changes in collagen gene levels, it was observed that the 7-day AGTL application
increased COL1A1 levels, which decreased in the 14-day application. This phenomenon can
be attributed to the destruction of collagen scar tissue, facilitated by MMP-2 and MMP-9
activation on the 14th day, which enabled keratinocytes to approach each other. COL3A1, a
pivotal regulator of fibroblasts, exhibited an increase in gene levels following 14-day TL
and AGTL treatments. This increase indicates that fibroblasts are directed towards the
surface in the proliferation phase and that tissue healing is in a permanent phase. Although
tilapia fish skins have recently been used in clinical applications for wound treatment in
many countries, they have not become widespread due to some limitations. However, the
presence of collagen and peptides that contribute to collagen production in the structure
of tilapia indicates its continued utilization in traditional burn treatment practices. The
lack of experimental studies in the literature on this subject is limited in understanding
how effective tilapia is in burn treatment. A smart dressing material made from tilapia fish
skin containing allopurinol nanoparticles coated with silver nanoparticles has been shown
to accelerate wound healing and suppress inflammation in rats [41]. In a separate study,
silver nanoparticles (AgNPs) obtained from aloe vera via green synthesis were expressed
as a suitable dressing material for burn wound healing because scaffolds decellularized
with tilapia skin showed antimicrobial properties on the skin [25]. A study was conducted
on the basis of the high collagen content of tilapia skin, and it was reported that collagen
nanoparticles obtained in rats caused wound closure as of the 8th day, and the wound
closed at the end of the 28th day [42]. It was ascertained that collagen, when present in
a gel-like form and extracted from tilapia skin, promoted expedited wound closure and
elevated relative gene expressions of transforming growth factor-beta 1 (TGF-31), basic
fibroblast growth factor (bFGF), and a-smooth muscle actin (xXSMA) in rats with induced
wounds over a period of 12 days [43]. Nanofiber scaffolds made with collagen purified
from tilapia have been demonstrated to promote cell migration in wounds and to augment
the expression of involucrin, filaggrin, and transglutaminase 1 (TGasel) in skin cells [44].
In the present study, we demonstrated that AGLT enhanced the healing of burn wounds in
tilapia by increasing collagen levels, and it was effective in increasing COL3A1 levels in the
wound in the 14-day post-burn period. The primary objective of the studies was to obtain
collagen from the tilapia structure and subsequently develop formulations and products
for utilization in wound healing. In our study, we demonstrated that the alginate hydrogel
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mixture we obtained by using the tilapia skin as a whole and containing both collagen and
other molecules that support collagen production can be used in burn treatment.

It has been reported that alginate-based hydrogels are suitable for clinical applications
in terms of holding and stabilizing protein molecules [45]. Alginate hydrogels have a
high potential for use in burn treatments or wound dressings, especially because they
are biodegradable [46,47]. A comparison of alginate hydrogels with traditional medical
dressings reveals several notable advantages. Firstly, alginate hydrogels are non-toxic
and highly water absorbent, qualities that enable them to form a hydrogel network on the
wound surface, thereby maintaining a moist environment [48]. Secondly, alginate hydrogels
do not adhere to wound tissues, and their removal does not cause secondary injury to the
wound surface [49]. In this study, we hypothesized that protein-based molecules found in
the tilapia structure that are effective in wound healing can accelerate the healing process in
cells by providing both moisture and the stabilization of proteins with the help of alginate
hydrogels. The treatment with tilapia skin resulted in less scar tissue formation. Thanks
to the moisture provided by the hydrogel, collagen and the healing compounds in its
structure contributed to the scar tissue formed during wound healing being more flexible
and smoother. This may contribute to the scars remaining lighter by regular collagen
production in the wound in skin grafts.

5. Conclusions

Our study demonstrated that the preparation of alginate-based tilapia fish skin forms
and their subsequent storage in a humid environment over an extended period of time
holds promise for facilitating wound healing. This study’s limitations include its exclusive
investigation of a single type of tilapia skin and its lack of experimentation with diverse
hydrogel forms. Consequently, further research is necessary to investigate the effects of
varying collagen amounts and hydrogel forms in different tilapia species. Such findings
could contribute to the development of novel dressing materials for burn treatment. This
finding is particularly significant in cases requiring prolonged use, such as for deep burns,
where the ready availability of these products could significantly enhance the utilization of
clinical treatments. Our study may contribute to researchers working in this field in the
planning of dressing materials planned to be developed for burn wounds in the future and
new biomaterials for the treatment of tilapia skin.
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Abstract: Background/Objectives: N-Myristoyltransferase inhibitors (NMTi) represent a
novel antiviral strategy against mammarenaviruses such as Lassa and Junin viruses. The Z
matrix protein inhibits viral ribonucleoprotein (vRNP) activity in a dose-dependent manner.
Here, we investigated whether Z-mediated vRNP inhibition depends on Z myristoylation
or oligomerization. Methods: We used HEK293T cells transfected with wild-type (WT) or
G2A-mutated Z constructs in LCMV minigenome (MG) assays. Cells were treated with
the NMTi IMP-1088 and the proteasome inhibitor MG132. Z protein expression, vVRNP
activity, and VLP production were analyzed by immunofluorescence, western blotting, and
colocalization analyses. Results: IMP-1088 treatment led to proteasome-mediated degra-
dation of Z, reducing its inhibition of vRNP activity, which was restored by MG132. The
non-myristoylated Z G2A mutant retained vRNP inhibitory activity but showed impaired
oligomerization and budding capacity. These findings demonstrate that Z-mediated vRNP
inhibition is independent of myristoylation and oligomerization. Conclusions: Z myris-
toylation and oligomerization are not required for its inhibitory vRNP activity. Targeting
Z myristoylation with NMTi impairs virus assembly and budding without affecting Z-
mediated inhibition of vRNP activity, supporting the development of NMTi as a promising
broad-spectrum antiviral strategy against mammarenaviruses.

Keywords: mammarenavirus; multimerization; ribonucleoprotein inhibition; Z matrix
protein; myristoylation; N-myristoyltransferases; antiviral; LCMV; LASV; proteasome;
glycoprotein; signal peptide

1. Introduction

Several mammarenaviruses, chiefly Lassa virus (LASV) in Western Africa and Junin
virus (JUNV) in the Argentine Pampas cause hemorrhagic fever (HF) diseases associ-
ated with high morbidity and mortality, posing important public health problems in
their endemic regions. In addition, mounting evidence indicates that the globally dis-
tributed mammarenavirus lymphocytic choriomeningitis virus (LCMYV) is a neglected
human pathogen of clinical significance in pediatric and transplantation medicine [1-3].
Current anti-mammarenavirus therapy is limited to an off-label use of ribavirin, for which
efficacy remains controversial [4]. Hence, the importance of developing novel therapeutics
to combat human pathogenic mammarenaviruses.

Mammarenaviruses are enveloped viruses with a bi-segmented negative-stranded
(NS) RNA genome [5]. Each genome segment, L (ca 7.3 kb) and S (ca 3.5 kb), uses an
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ambisense coding strategy to direct the synthesis of two polypeptides in opposite orien-
tations, separated by a non-coding intergenic region (IGR). The L segment encodes the
viral RNA-dependent RNA polymerase (L) and Z matrix protein, whereas the S segment
encodes the viral glycoprotein precursor (GPC) and the viral nucleoprotein (NP). GPC is
co- and post-translationally processed to produce a stable signal peptide (SSP), and the
mature GP1 and GP2 subunits that together with the SSP form the spikes that decorate the
virus surface and mediate cell entry via receptor-mediated endocytosis [6-8]. GP1 mediates
binding to the cellular receptor and GP2 mediates the pH-dependent fusion event in the
late endosome required for the release of vRNP into the cell cytoplasm, where it directs
replication and transcription of the viral genome [9,10].

Early studies have shown that N-myristoylation is required for the role of Z protein
in assembly and budding [11,12] and for the role of the SSP in the GP2-mediate fusion
event [9]. These findings were based on the use of 2-hydroxy-myristic acid (2-HMA) and 2-
HMA analogs as inhibitors of N-myristoyltransferase 1 (NMT1) and 2 (NMT2) responsible
for catalyzing N-myristoylation in mammalian cells [13]. However, recent studies have
demonstrated that 2-HMA acts off-target and does not inhibit N-myristoylation within
a concentration range consistent with activity on NMT [14]. Therefore, we revisited the
contribution of N-myristoylation in mammarenavirus infection using the validated on-
target specific pan-NMTi (DDD85646 and IMP-1088) [15]. We found that DDD85646 and
IMP-1088 exhibit very potent antiviral activity against LCMV and LASV in cultured cells.
Cell-based assays probing different steps of the LCMYV life cycle revealed that NMTi exerted
its anti-LCMV activity by interfering with Z budding activity and GP2-mediated fusion [16]
(Figure 1). Our findings support the use of NMTi as a novel host-targeted antiviral strategy
to combat LASV and other human pathogenic mammarenaviruses. Moreover, NMTi can be
incorporated into combination therapies with direct-acting antivirals. By targeting a host
cell factor, NMTi can impose a high genetic barrier against the selection of drug-resistant
variants, a common problem with direct-acting antiviral drugs. While Z dose-dependent
suppression of vVRNP activity is well documented [17-19], there is limited knowledge about
the underlying mechanism [20-22]. Z protein has been shown to exhibit different degrees
of oligomerization [16,23,24], whose biological implications remain poorly understood.
Here, we present evidence that Z oligomerization might be required for its budding activity,
but not for its ability to inhibit vVRNP activity.
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Figure 1. Proposed model of the effect of the NMT inhibitor on mammarenavirus cell entry and
budding. NMT isozymes facilitate the addition of myristic acid to glycine (2) of SSP and Z protein,
which protect them from proteasome-mediated degradation. Myristoylated SSP interacts with GP2
to facilitate the fusion event in the late endosome required to complete the virus cell entry process,
whereas myristoylated Z directs the virus assembly and budding process. Inhibition of SSP and
Z myristoylation by NMT inh results in proteasome-mediated degradation of SSP and Z, which
results in the inhibition of virus multiplication. Z myr and SSP myr indicate myristoylated Z and
SSP, respectively. NMT pdb, 3IWE [25], and LASV Z matrix protein pdb, 2M1S [26], were used to
generate the 3D figure using ChimeraX [27].

2. Materials and Methods
2.1. Cell Line and Compounds

Human embryonic kidney cells stably expressing T antigen using the SV40 promoter
(HEK293T) (ATCC CRL-3216) were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum, 1 mM penicillin and streptomycin,
and 1 mM glutamine. Cells were incubated at 37C and supplemented with 5% CO,.
NMTi IMP-1088, (5-[3,4-difluoro-2-[2-(1,3,5-trimethyl-1H-pyrazol-4-yl)ethoxy]phenyl]-
N,N,1-trimethyl-1H-indazole-3-methanamine, Cat No. 25366-1) was purchased from
Cayman Chemical (Ann Arbor, MI, USA), dissolved in methyl acetate at 11 mM, and
kept in aliquots at —20. MG132 (MFG No. M7449) was purchased from Sigma-Aldrich (St.
Louis, MO, USA).

2.2. Plasmids

The ORF of the LCMV Z gene was cloned into pCAGGS and labeled with an HA-tag,
referred to here as Z-WT-HA, as described previously [16]. T7 polymerase in the pPCAGGS
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system and the S segment of LCMYV, flanked by a T7 promoter at the amino terminus, was
used to express GFP. Both LCMV L polymerase and NP are expressed in pCAGGS systems.

2.3. Minigenome Assay

HEK293 cells were seeded at 2 x 10° per well in poly-L-lysine-treated M12-well
plates. The next day, cells were transfected with plasmids expressing LCMV L and NP
proteins, the minimal transacting viral factors required for replication and transcription of
the viral genome. Also included was a plasmid directing intracellular synthesis of an LCMV
minigenome directing expression of GFP (MG-GFP), together with a plasmid expressing the
T7 RNA polymerase to launch primary synthesis of the MG-GFP, and incremental amounts
of a plasmid expressing LCMV-Z tagged with HA (Z-WT-HA). At 18 h post-transfection,
cells were treated with the indicated compounds, and at 24 h post-treatment, cells were
fixed with 4% paraformaldehyde (PFA), and stained with anti-HA, followed by a secondary
fluorescence antibody to identify cells expressing the Z protein. The activity of the LCMV
MG-GFP was assessed based on expression levels of GFP. Images were acquired at 4X
magnification (Keyence Corporation, Itasca, IL, USA).

2.4. VLP Assay

Viral-like particle (VLP) production was performed as previously described [11].
Briefly, HEK293T cells were transfected with pC_E as the control, Z-WT or the G2A mutant,
and cell culture supernatant (CCS) was collected at 48 or 72 h post-transfection (h pt).
CCS were clarified by centrifugation (5 min, 5000 RPM, 4 °C). VLPs in clarified CCS were
collected by ultracentrifugation (100,000x g, 2 h, 4 °C) through a 20% sucrose cushion
in 50 mM Tris-HC1 pH 7.5, 62.5 mM EDTA, 1% NP-40, 0.4% Na deoxycholoate. The
pellet containing VLPs was resuspended in 60 pL of PBS and 20 pL of 4X Laemmli buffer
was added.

2.5. Immunoblotting

Protein concentration in samples was determined by BCA assay (Pierce™ BCA Protein
Assay Kits, Cat# 23227, ThermoFisher, Waltham, MA, USA). Samples (12 ug) were heated
for 5 min at 95 °C and separated by SDS-PAGE using a stain-free gel (Bio-Rad, Hercules,
CA, USA). Total protein (TP) was detected after the activation of the stain-free gel for
one minute. Proteins were transferred to a low-fluorescence PVDF membrane (Bio-Rad,
Hercules, CA, USA), and EveryBlot blocking buffer (Bio-Rad, Hercules, CA, USA) was used
to block nonspecific antibody binding. The membrane was immunoreacted with an anti-
HA antibody (Genscript, Piscataway, NJ, USA) overnight at 4 °C. After three washes, the
membrane was immunoreacted with a horseradish peroxidase (HRP) conjugated with anti-
mouse antibody. Primary and secondary antibodies were diluted in a OneBlock western-CL
blocking buffer (Genesee Scientific, San Diego, CA, USA). Protein bands were visualized
using a chemiluminescent substrate (ThermoFisher Scientific).

2.6. Immunofluorescence Imaging

Images were acquired at 4X magnification using a BZ-X710 Keyence fluorescence
microscope. The quantification and depiction of Z and GFP were carried out using the
BIOP JaCoP plugin, a colocalization quantification software, in FIJI imagej software (1.54f).
The Otsu threshold setting was selected to quantify the degree of colocalization. The BIOP
JaCoP generates, based on a threshold setting, an automated figure that on the left side
displays unmasked (top) and masked (bottom) panels that represent the Pearson correlation
coefficient (X axis) and probability (Y axis) plots, and on the right side displays a scatter
plot representing the GFP (green, Y axis) and Z-HA (red, X axis) signals. The rationale to
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use the BIOP Jacob plug is to quantify colocalization of GFP (a surrogate of the MG activity)
and the AlexaFLuor 568 red signal (a surrogate of Z matrix protein expression).

3. Results
3.1. Effect of NMTi on Z-Mediated Inhibition of yRNP Activity

The Z protein has been shown to inhibit, in a dose-dependent manner, the activity of
the mammarenavirus vRNP, which is responsible for directing the replication and tran-
scription of the viral genome, in cell-based minigenome (MG) assays. We have documented
that treatment with NMTi targets Z for degradation via the proteasome pathway [16]. We
therefore predicted that the Z inhibitory effect on MG activity would be reduced in the
presence of the pan-NMTi IMP-1088, and that treatment with the proteasome inhibitor
MG132 would restore, in the presence of IMP-1088, the Z inhibitory effect on MG activity.
Using a cell-based LCMV minigenome (MG) system we found that treatment with the
NMTi IMP-1088 counteracts the Z-mediated inhibitory effect on MG activity (Figure 2).
Treatment with the proteasome inhibitor MG132 restored expression levels of Z to those
observed in the absence of IMP-1088, which resulted in the corresponding inhibitory effect
on the activity of the LCMV MG (Figure 2).
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Figure 2. Effect of treatments with the NMTi (IMP-1088) and proteasome (MG132) inhibitors on the
activity of the LCMV MG in the presence of LCMV WT Z protein. HEK293T cells were seeded at
2 x 10° cells per well in poly-L-lysine-treated M12-well plates. The next day, cells were transfected
with pCAGGS plasmids expressing LCMV L and NP proteins, as well as T7RP, and a plasmid express-
ing the LCMV T7MG-GFP, together with 200 ng of a pCAGGS empty (pC-E) plasmid or expressing
LCMV-Z -WT-HA. At 18 h post-transfection, cells were treated with the indicated compounds, and at
24 h post-treatment, cells were fixed with 4% PFA. Z-WT-HA expression was detected by IF using a
rabitt polyclonal antibody to x-HA as primary antibody and an anti-mouse goat polyclonal antibody
conjugated to Alexafluor 568 as secondary antibody. GFP was detected directly by epifluorescence.
(A). The activity of LCMV MG-GFP was assessed based on expression levels of GFP. (B). The left
side of each panel displays unmasked (top) and masked (bottom) panels that represent the Pearson
correlation coefficient (X axis) and probability (Y axis) plots, and on the right side displays a scatter
plot representing the GFP (green, Y axis) and Z-HA (red, X axis) signals. The BIOP Jacob plug
quantified colocalization of GFP (a surrogate of the MG activity) and AlexaFLuor 568 red signal (a
surrogate of Z matrix protein expression).
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3.2. Role of N-Myristoylation on Z-Mediated Inhibition of yRNP Activity

Treatment with NMTi targeted Z protein for degradation, which prevented us from
assessing whether myristoylation was required for Z-mediated inhibition of vRNP activity.
To address this question, we used the Z (G2A) mutant that cannot undergo N-terminal
myristoylation. As predicted, treatment with IMP-1088 did not significantly affect expres-
sion levels of Z (G2A) (Figure 3). Notably, Z (G2A) inhibited MG-directed GFP expression
with a similar efficiency to Z WT (Figure 3), indicating that myristoylation is not required
for Z-mediated inhibition of vVRNP activity.

pC-E Z-G2A-HA (200ng)
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Figure 3. Effect of treatments with the NMT (IMP-1088) and proteasome (MG132) inhibitors on
the activity of the LCMV MG in the presence of the LCMV Z G2A mutant. HEK293T cells were
seeded at 2 x 10° cells per well in poly-L-lysine-treated M12 well plates. The next day, cells were
transfected with pCAGGS plasmids expressing LCMV L and NP proteins, as well as T7RP, and
a plasmid expressing the LCMV T7 MG-GFP, together with 200 ng of a pCAGGS empty (pC-E)
plasmid or a plasmid expressing LCMV-Z-G2A-HA. At 18 h post-transfection, cells were treated
with the indicated compounds, and at 24 h post-treatment, cells were fixed with 4% PFA. Z-G2A-HA
expression was detected by IF using a rabitt polyclonal antibody to x-HA as a primary antibody and
an anti-mouse goat polyclonal antibody conjugated to Alexafluor 568 as a secondary antibody. GFP
was detected directly by epifluorescence. (A). The activity of LCMV MG-GFP was assessed based on
the expression levels of GFP. (B). The left side of each panel displays unmasked (top) and masked
(bottom) panels that represent the Pearson correlation coefficient (X axis) and probability (Y axis)
plots, and the right side displays a scatter plot representing the GFP (green, Y axis) and Z-G2A-HA
(red, X axis) signals. The BIOP Jacob plug quantified colocalization of GFP (a surrogate of the MG
activity) and the AlexaFLuor 568 red signal (a surrogate of Z matrix protein expression).

3.3. Role of Z Oligomerization on Z-Mediated Inhibition of vRNP Activity and Z Budding Activity

We have documented the detection of different oligomer species of Z protein in lysates
of Z transfected cells using Western blotting [16]. We detected these Z oligomeric species
in VLPs produced in cells expressing WT, but not in cells expressing mutant G2A or Z
protein (Figure 4) mutant. In addition, treatment with the proteasome inhibitor MG132
rescued high expression levels of dimer and oligomers of G2A mutant form of Z in WCL,
but these Z(G2A) species lacked detectable levels of budding activity as determined by
their absence in the corresponding VLP samples (Figure 4B). These findings are consistent
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with published results showing the lack of Z oligomeric species in lysates and Z-containing
VLP in cell culture supernatants of cells transfected with Z-G2A-HA [11,16]. We observed
four Z species in VLP produced in cells transfected with Z-WT-HA, with monomeric Z
being the most abundant Z species. Inhibition of Z myristoylation using NMTi or mutation
G2A results in the degradation of Z oligomeric species [16], which complicates discerning
the relative contributions of myristoylation and oligomerization to Z budding activity.

zZ pC-E WT G2A

pC-E  WTI G MGDB2 - + - + - ¢

Figure 4. Oligomerization and cell egress of Z protein. (A). HEK293T cells were seeded at 1 x 10° cells
per well in poly-L-lysine-treated M6-well plates. The next day, cells were transfected with plasmids
expressing LCMV Z WT or G2A mutant proteins tagged with an HA tag or empty pCAGGS (pC-
E). At 72 h post-transfection, supernatant and protein cell lysate were collected to extract VLP or
whole-cell lysate (WCL) protein, respectively. (B). HEK293T cells were seeded at 1 x 10° cells per
well in poly-L-lysine-treated M6-well plates. The next day, cells were transfected with plasmids
expressing LCMV Z WT or G2A mutant proteins tagged with an HA tag or pC-E. The next day, media
were aspirated and replaced with media containing MG132 (10 pug/mL) or a vehicle control. At 48 h
post-transfection, supernatants were collected and whole cell lysate (WCL) was prepared. VLPs were
collected by ultracentrifugation. Levels of Z in VLP and WCL samples were determined by Western
blotting using an antibody to HA. Membranes were imaged for total protein (TP) prior to probing
with an anti-HA antibody.
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4. Discussion

The mammarenavirus Z matrix protein plays critical roles in the assembly and budding
of matured infectious particles, processes that require Z myristoylation and oligomeriza-
tion [11,24,28]. In addition, as with the matrix protein of other negative strand RNA
viruses [29], Z protein has been shown to exhibit a dose-dependent inhibitory effect on
mammarenavirus VRNP activity [18,19,30]. Biochemical and structural studies have in-
dicated that Z can lock a polymerase-promoter complex [31] and induce conformational
changes in L catalytic domains [20], which may account for Z-mediated inhibition of vVRNP-
directed synthesis of viral RNA. These studies, however, did not address the question
of whether myristoylation and oligomerization are required for Z-mediated inhibition of
VvRNP activity in infected cells.

Here, we have documented that NMTi potent antiviral activity against LCMV and
other mammarenaviruses correlated with proteasome-mediated degradation of non-
myristoylated Z protein, which disrupted virus particle assembly and budding, resulting
in reduced production of infectious progeny and restricted virus propagation [16] with-
out inhibition of vRNP activity. Treatment with the proteasome inhibitor MG132 in the
presence of NMTi restored Z-mediated inhibition of vRNP activity (Figure 2), and the
Z G2A mutant inhibited the activity of the LCMV MG with similar efficiency to Z WT
(Figure 3). These findings indicate that Z myristoylation is not required for its inhibitory
effect on VRNP activity. We also observed that Z G2A exhibited significantly reduced levels
of oligomerization compared to Z WT (Figure 4), suggesting that oligomerization is not
required for the Z inhibitory effect on vRNP activity.

We have shown that dimers are the most abundant oligomer forms of Z in lysates
from LCMV-infected or Z-transfected cells, and that these Z homodimers are efficiently
targeted for degradation in the presence of NMTi, questioning the conclusion that Z homo-
oligomerization is required for Z accumulation at the plasma membrane [24]. Our results
also question whether G2 residue is required for oligomerization [24] because treatment
with proteasome inhibitor MG132 resulted in similar expression levels of dimers of Z WT
and Z G2A [16]. We propose that myristoylation at G2 prevents the targeting of Z for
degradation, thus allowing the Z dose-dependent inhibitory effect on viral RNA synthesis
mediated by the vRNP. Inhibition of Z myristoylation with NMTi results in proteasome-
mediated degradation of Z, thus preventing the Z inhibitory effect on vRNP activity, which
can be restored by treatment with the proteasome inhibitor MG132 (Figure 5). We observed
a prominent Z species of ~33 kDa, likely a trimer of Z, in cells transfected with Z WT
that was absent in cells transfected with the G2A Z mutant and in the presence of MG132.
The biological role of this Z species remains to be determined [16]. We also showed that
oligomers of the Z-G2A mutant lacked budding activity, compared to Z WT, and were not
detected in VLPs, despite being expressed at high levels in WCL in the presence of MG132.
These findings further support the notion that N-myristoylation is required for Z budding
activity. It remains to be determined whether other protein lipidation modifications such
as S-palmitoylation can substitute for N-myristoylation and facilitate Z association to
membranes and budding.

The use of NMTi to target host-cell lipidation processes opens the door to a new
class of broad-spectrum anti-mammarenavirus therapy. Moreover, NMTi could be also
incorporated into combination therapy strategies with direct-acting antivirals, an approach
expected to impose a significant genetic barrier to the emergence of drug-resistant viruses,
and to facilitate drug formulations with reduced toxicity [32]. Notably, the small molecule
NMTi PCLX-001 has been shown to be safe and is well tolerated by humans [33,34],
supporting the interest in exploring the repurposing of NMTi to treat infections by human
pathogenic mammarenaviruses. NMTi inhibitors have been shown to inhibit other viruses
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with myristoylated proteins, including picornaviruses [15] and vaccinia virus [32,35]. The
use of specific pan-NMTi as a broad-spectrum antiviral strategy against viruses with
myristoylated proteins warrants further investigation.
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Figure 5. Proposed model of the effect of the NMT inh (IMP-1088) on the activity of the LCMV
MG, budding, assembly and infectivity. NMT promotes Z myristoylation at G2, which prevents
the targeting of Z for degradation by the proteasome machinery, thus allowing for the Z dose-
dependent inhibitory effect on viral RNA synthesis mediated by vRNP and the consequent inhibition
of MG-directed GFP expression. Inhibition of Z myristoylation by IMP-1088 results in the proteasome-
mediated degradation of Z, which will relieve the Z inhibitory effect on the activity of the LCMV MG
(right side of the graph). Treatment with the proteasome inhibitor MG132 prevents IMP-1088-induced
Z protein degradation, thus resulting in LCMV MG inhibition. L polymerase (green), NP (red) and
RNA (purple) are indicated. A red X indicates cessation activity, and a black angled arrow indicates
RNA synthesis. Monomers of Z protein are sufficient to inhibit VRNP. A lack of Z myristoylation
results in the degradation of Z oligomers, which complicates the assessment of the role of Z oligomers
in virus assembly, budding and infectivity. NMT pdb, 3IWE [25], and LASV Z matrix protein pdb,
2M1S [26] were used to generate the 3D figure using ChimeraX [27].
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Abstract: Gastrointestinal diseases have been among the main concerns of medical and scientific
societies for a long time. Several studies have emphasized the critical role of oxidative stress in the
pathogenesis of the most common gastrointestinal diseases. To provide a comprehensive overview of
gastrointestinal diseases caused by oxidative stress, their biological aspects, molecular mechanisms
and specific pathways, the results of the most recent published articles from the online databases
were studied considering both the upper and lower parts of the digestive tract. The results revealed
that although the oxidative stress in each part of the digestive system manifests itself in a specific
way, all these diseases arise from the imbalance between the generation of the reactive intermediates
(especially reactive oxygen species) and the antioxidant defense system. Annual incidence and
mortality statistics of gastrointestinal diseases worldwide emphasize the urgent need to find an
effective and non-invasive treatment method to overcome these life-threatening problems. Therefore,
in the next step, a variety of nanomedicurfines developed to treat these diseases and their effect
mechanisms were investigated precisely. Furthermore, the most important nanomedicines responsive
to endogenous and exogenous stimuli were evaluated in detail. This review could pave the way to
open a new horizon in effectively treating gastrointestinal diseases.

Keywords: gastrointestinal diseases; oxidative stress; nanomedicine; stimuli-responsive nanoparti-
cles; reactive oxygen species

1. Introduction

Oxidative stress (OS) in living organisms occurs arising from the excessive gener-
ation of reactive intermediates such as reactive oxygen species (ROS), reactive nitrogen
species (RNS) and reactive sulfur species (RSS) that cannot be neutralized by the endoge-
nous antioxidant system [1]. ROS at appropriate physiological concentrations plays a
prominent role in intracellular homeostasis, gene expression, cell proliferation and dif-
ferentiation, signal transduction and apoptosis [2]. Various external triggers including
trans-fatty acids and acrylamide in processed foods, radiation, alcohol, drugs, organic
solvents, heavy metals, smoking and pollutants can induce OS [3]. Plasma membrane,
cytosol, lysosomes, peroxisomes, endoplasmic reticulum and mitochondria are intracellular
sources of chemical reactive intermediates. Chemical reactions for ROS generation are
catalyzed by a variety of enzymes including the enzymes of the mitochondrial electron
transport respiratory chain (the most important ones) and nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase (with homologs of dual oxidase (DUOX) 1-2 and
NOX1-5), cyclooxygenases (COXs), lipoxygenases (LOXs), xanthine oxidase (XO), phospho-
lipase A2, glucose oxidase, myeloperoxidase (MPO) and uncoupled nitric oxide synthase
(NOS) [4]. Hydroxyl radical (*OH), superoxide anion radical (O,°~), hypochlorous acid
(HOCI) and hydrogen peroxide (H,O,) are the major ROS, and nitric oxide (NO) and
peroxynitrite radicals (ONOO™) are the main RNS. Amongst the RSS, GS5G*~, reactive
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sulfur substances (SO,, SO3) and reactive sulfane species (RSR) are the most important
ones [5,6]. Endogenous antioxidants can counteract and remove the reactive species by
oxidizing themselves, delaying/inhibiting the oxidation of other compounds, chelating
metal ions and blocking radical formation. Superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx) and glutathione reductase (GSR) are the major endogenic
enzymatic antioxidants [7]. Glutathione (GSH) and thioredoxin (Trx) are the prominent
non-enzymatic endogenous antioxidants [8]. GSR converts oxidized glutathione (GSSG) to
GSH by transferring electrons from NADPH to GSSG [9]. The thioredoxin system is com-
posed of Trx and thioredoxin reductase (TrxR) [10]. Figure 1 demonstrates the generation
of reactive intermediates and the function of the antioxidant defense system under normal
physiological conditions. The imbalance between ROS generation and the neutralizing
ability of the antioxidant system can cause various diseases resulting from damage to the
vital molecules and cellular structures including DNA, proteins and lipids [11].

NADP* NADPH

GSSG GSH

Trx(SH), TrxS, NO 91
od‘
oL Arginine

NADPH NADP*

Figure 1. Generation of the reactive intermediates and the mechanisms of their neutralization by
the antioxidant defense system. The orange ovals illustrate the antioxidant enzymes, the rectangles
demonstrate the reactive intermediates and the brown hexagons refer to some of the enzymes
generating reactive oxygen species (ROS) and reactive nitrogen species (RNS): NOX: nicotinamide
adenine dinucleotide phosphate oxidase, NOS: nitric oxide synthase, COX: cyclooxygenase, XO:
xanthine oxidase and MPO: myeloperoxidase. The generated O,*~ can be converted to H,O, by
superoxide dismutase (SOD). H,O; can be converted to *OH through the Fenton reaction with
Fe?*, which can initiate lipid peroxidation. Glutathione peroxidase (GPx) and vitamin E (Vit E)
can neutralize the free radicals and result in ROH formation as the product. Nitric oxide (NO)
can be generated from arginine by NOS, which results in ONOO™ production through its reaction
with H,O,. Catalase (CAT), peroxiredoxin (Prx) and GPx can convert HyO, to water. Glutathione
reductase (GSR) and thioredoxin reductase (TrxR) keep glutathione (GSH) and thioredoxin (Trx) in
their reduced forms by transferring the electrons from NADPH to their oxidized forms. GSSG is the
oxidized form of GSH and Trx(SH); and TrxS, are the reduced and oxidized states of Trx, respectively.
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ROS can activate the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) pathway, which can contribute to regulating the generation of proinflammatory
cytokines and the inflammatory response. ROS (especially HyO,) can stimulate the ac-
tivation of NF-«B by promoting IkBx phosphorylation and its subsequent degradation,
which causes the transrelocation of the dimerized NF-«kB proteins into the nucleus to start
the transcription of their target genes. It can promote the expression of proinflammatory
cytokines including Interleukin-8 (IL-8), IL-1 and tumor necrosis factor-a (TNF-«), and
lead to inflammation and carcinogenesis [12]. Another ROS-activated pathway is mitogen-
activated protein kinase (MAPK). This pathway is activated by mitogen cascades including
JNK (c-Jun N-terminal kinases), p38 (p38 kinase), ERK1/2 (offline cell-related kinases)
and BMK1/ERKS (significant MAP kinase 1 pathway). During the OS, H,O, induces the
oxidation of the cysteine residue of Trx, resulting in apoptosis signal-regulated kinase-1
(ASK-1) dissociation for activating JNK and p38 cascade-inducing apoptosis. Translocation
of the activated MAPKSs into the nucleus and phosphorylation of transcription factors
can lead to the generation of pro-inflammatory mediators, enhancing the inflammatory
response. Excessive ROS demonstrates a positive correlation with arresting the cell cycle,
senescence and apoptotic condition through the signaling cascade of ASK1/JNK/p38 [13].

The gastrointestinal (GI) tract, as a passageway for delivering, swallowing, digesting
and absorbing food and liquids and excreting waste from the body, consists of the oral
cavity, esophagus, stomach, small and large intestines and rectum. The GI tract plays a
prominent role in modulating energy homeostasis, providing vital nutrition, defending
against infectious stimuli, secreting hormones and neurotransmitters and regulating body
physiology [14]. All parts of the GI tract must be in normal condition to carry out their work.
Otherwise, the food cannot be processed properly, and the health is adversely affected.
OS-induced disease and inflammation in the GI tract can effectively influence the total
homeostasis of the body, threatening life.

Conventional medical treatments including drug administration and clinical surgical
solutions have possessed several shortcomings including the need to use high doses, poor
bioavailability and the lack of effective targeted delivery of drugs, off-target toxicity and
adverse side effects, drug resistance, low therapeutic efficacy and high recurrence rate.
Nanomedicines with large surface-to-volume ratios, nanoscale dimensions and biocompat-
ibilities have been developed to overcome the obstacles in treating OS-induced diseases.
High drug loading capacity, providing synergistic effects of multi-loading, prolonging
drug circulation time, specific targeting capability, improving bioavailability, promoting
drug accumulation at diseased sites, controlled drug release and reducing drug resis-
tance and systemic toxicity are some benefits of using nanomedicines in treating the GI
diseases [15]. Furthermore, these nanomedicines can be designed and developed to re-
spond to endogenous/exogenous stimuli for on-demand controlled release in the target
tissues. Active targeting and passive targeting are two categories of targeting mechanisms.
Active targeting provides selective drug delivery to the target area through affinity be-
tween nanomedicine ligands and the receptors of the target cells, which facilitates the
internalization of nanomedicines and the selective release of the drugs into the target cells.
Passive targeting exploits the differences between the tumor tissues and the normal ones.
Blood vessels of the tumor tissue have large gaps between their endothelial cells, through
which nanomedicines can leak and penetrate the tumor. Because of the poor lymphatic
drainage, the accumulated nanomedicines are retained within the tumor microenviron-
ment for a prolonged duration, providing sustained drug delivery. This is known as the
enhanced permeability and retention (EPR) effect [16]. A wide range of nanomedicines has
been developed to treat the GI disorders caused by OS, including nanovesicles, micelles,
carbon nanotubes, polymeric nanoparticles (NPs), quantum dots, silica NPs, exosomes,
dendrimers, lipid NPs and metallic (such as gold (Au), copper (Cu) and silver (Ag)) NPs.
This study aimed to provide a comprehensive overview of how OS affects the biology
and pathophysiology of each part of the GI tract from the mouth to the anus, involving
specific molecular mechanisms and pathways and the nanomedicines developed to combat

110



BioChem 2024, 4

diseases. Some of the most common diseases caused by OS in the GI tract are illustrated in
Figure 2, which will be discussed in detail in the following sections.

Oral lichen planus

Figure 2. The most common oxidative stress-induced gastrointestinal diseases. GERD and IBD are
the abbreviations of gastroesophageal reflux disease and inflammatory bowel disease, respectively.

2. Methodology

English language articles published from 2016 to 2024 were selected from online
databases, particularly PubMed, MEDLINE, Google Scholar and Scopus. Publications on
OS-induced GI disease, the involved mechanisms and nanomedicines developed for the
treatment of GI diseases were separately searched for each of the related diseases including
oral lichen planus, oral cancer, periodontitis, gastroesophageal reflux disease, Barrett’s
esophagus, esophageal cancer, H. pylori-induced gastric diseases, gastric ulcers, gastric
cancer, celiac disease, inflammatory bowel disease and colorectal cancer. Each of the found
articles was independently screened for quality, validity and eligibility, and finally, the best
papers were precisely selected for the preparation of this review. The inclusion criteria
were longitudinal studies, in vitro and in vivo studies, observational studies, book chapters,
review articles, case reports and systematic reviews with special attention to more recent
works published in high-impact international journals. The exclusion criteria included
conferences, expert opinions, letters to the director, compendiums and symposia.
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3. OS-Induced GI Diseases and Developed Nanomedicines
3.1. Oral Diseases

The mouth is the first part of the GI tract and is composed of the teeth (surrounded
with the gums), tongue and salivary glands as the accessories. OS-induced oral diseases
including oral cancer, lichen planus and periodontitis impose a significant economic bur-
den on society and cause high mortality and morbidity worldwide [17,18]. In many cases,
the colonization of bacteria in the oral cavity can stimulate the defense systems to com-
bat pathogens by ROS generation. However, ROS targets both microorganisms and host
cells [19]. In addition to salivary enzymes such as CAT, SOD and peroxidase, the non-
enzymatic molecules including uric acid, glutathione, ascorbic acid and albumin play
antioxidant roles. Among these molecules, most of the total antioxidant capacity is pro-
vided by uric acid as the main salivary antioxidant, which plays a crucial role in monitoring
OS [20]. In a weakened antioxidant system, OS in the mouth results in various inflamma-
tory diseases, which can affect mucosal, gingival and even underlying bone tissues. One
of the relatively common chronic inflammatory diseases with unknown etiology is oral
lichen planus (OLP), which can be developed by the activation of signaling pathways and
autoimmune reactions caused by excessive OS products. Despite the unclear mechanism of
OS in OLP incidence, various studies have revealed that ROS-induced OS can especially
contribute to the inflammatory signaling and metabolic dysregulation of OLP [21]. The de-
tection of a decreased level of total antioxidant activity and increased levels of salivary ROS,
malondialdehyde (MDA) and NO in OLP patients compared to the healthy control group
are the proofs for this claim [22,23]. Research demonstrated several possible pathomech-
anisms for ROS in OLP. The antigen-specific mechanism through lipid peroxidation and
antigen-nonspecific mechanism via the Fas/FasL pathway, Bcl-2 family proteins, matrix
metalloproteinase-9, TNF-«, granzyme B and p53 participate in OLP pathogenesis, leading
to lymphocyte infiltration and keratinocyte apoptosis. On the other hand, ROS can cause
tissue damage and the release of DAMPs (damp-associated molecular patterns), which can
lead to inflammation and tissue dysfunction. OS in OLP exhibits a close correlation with the
activation of NF-«B [21]. A current treatment strategy for OLPs is the local administration
of corticosteroids, often for a long period and a subsequent increasing dose or systemic
applications in recalcitrant cases, which cannot show necessary effectiveness many times
and are followed by side effects [24]. Mucus as a strong barrier prevents the adherence and
penetration of the topical corticosteroids prescribed in the forms of gel, lotion, cream and
ointment to reach the epithelial surface and causes their rapid clearance during the first
seconds of the application [25]. The use of nanoformulations has demonstrated promising
results in this regard, possessing biodegradability and mucoadhesiveness. Sadeghian et al.
revealed the effect of mucoadhesive nano-triamcinolone acetonide gel on the recovery
acceleration of OLP, pain severity, lesion size and appearance compared to the conventional
gel formulation. However, they reported statistically significant improvement just for ulcer
appearance on the 6 and 14" days of treatment with the nanoformulation in comparison
to the non-nano one [24]. Studies have shown the healing effects of nanoformulations
containing curcumin on oral mucosal lesions. Curcumin exposes its antioxidant and anti-
inflammatory activities by preventing free radical-induced damage and the downregulation
of the pro-inflammatory cytokines (such as TNF-«, IL-8, IL-6 and IL-1), inflammatory tran-
scription factors (like NF-«kB) and some enzymes (such as LOX, COX-2 and COX-5) [26]. Kia
et al. proposed oral nanomicellar soft gel capsules loaded with curcumin as an alternative
strategy in treating OLP patients with contraindications on the use of corticosteroids and
reoccurrence of the disease. They reported a reduction in lesion size, burning sensation and
pain severity in OLP patients by oral administration of nano-curcumin with no significant
differences with the prednisolone administration. [27]. Similar results were obtained by
oral administration of the nanomicelle containing curcumin which significantly improved
the clinical appearance of oral lesions and decreased pain intensity in OLP patients [28].
Combination therapy with 1% nanomicelle curcumin gel and 0.1% triamcinolone acetonide
caused a higher reduction in the reticular-erosive-ulcerative clinical score and higher effi-
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cacy in reducing the extent of oral lesions than the triamcinolone acetonide alone in OLP
patients [29]. Popovska et al. recommended the topical application of the nano-bio fusion
gingival gel, a nanoemulsion form of propolis and vitamins E and C, as a substitute for
the topical or systematic administration of steroids in the treatment of OLP. They reported
significant clinical improvements during 5 weeks of treatment with stable achievements
even after 3 months [30].

Dysbiosis in periodontal tissues results in periodontitis, destructing the supporting
structures of teeth, chronic inflammation and tooth loss. OS plays a vital role in the
pathogenesis of periodontitis. Gram-negative anaerobic bacteria on the dental plaque can
activate neutrophils, which causes an excessive release of ROS through the NADPH oxidase
pathway and subsequent damage of periodontal tissues, apoptosis of gingival fibroblasts,
osteoclastogenesis and alveolar bone resorption [31]. ROS can lead to direct damage to
periodontal tissues through damaging the nucleic acid (including base pair mutations or
strand breaks), the denaturing of proteins, the deactivating of enzymes, the peroxidation of
lipids, cell membrane destruction and mitochondrial damage. The analysis of the biological
samples prepared from patients with chronic periodontitis showed higher levels of MDA
and 8-isoprostane (as biomarkers of lipid peroxidation) and 7,8-dihydro-8-oxoguanine (as a
biomarker of OS-mediated DNA damage) [32,33]. Furthermore, ROS can lead to periodon-
tal pathogenesis by regulating the signaling pathways of the c-Jun N-terminal kinase (JNK),
NOD-like receptor family, pyrin domain-containing protein 3 (NLRP3) inflammasomes
and NF-«B. Activated JNK signaling can lead to the E-cadherin dissociation and disruption
of the periodontal junctional epithelium. Furthermore, activation of this pathway can lead
to the initiation of the apoptosis cascade through the caspase-3-dependent pathway. ROS-
mediated NLRP3 inflammasome activation can result in IL-1(3 secretion and pyroptosis.
Excessive levels of IL-1p can lead to periodontal destruction. ROS-induced activation of
NEF-«B can cause periodontal destruction by triggering inflammatory responses, the ex-
pression of pro-inflammatory cytokines and osteoclastic differentiation [34]. Various metal
NPs have been developed to treat periodontitis, exhibiting anti-inflammatory, antibacte-
rial and photothermal enhancement effects. ROS generated by metal NPs can damage
the bacterial cell membranes and destroy their nucleic acids and proteins. Furthermore,
these NPs can physically interact with bacterial cell walls, interrupting the electron trans-
fer. The released positive ions from metal NPs adversely affect bacterial proteins and
DNA [35]. Chlorhexidine/metronidazole-conjugated Ag NPs were evaluated for their
effects on periodontal diseases. They showed an inhibitory effect on fungi and bacteria and
also reduced the concentration of metalloproteinases MMP3 and MMP8 and the generation
of the TNF-«, IL-13, IL-6 and IL-8 [36]. Castangia et al. developed a mouthwash to counter-
act the OS-induced and bacterial damage in the oral cavity. This mouthwash formulation
included quercetin and mint oil co-loaded liposomes improved with glycol and ethanol
and demonstrated antioxidant activity against hydrogen peroxide-induced cell damage.
The vesicles with 200 mg/mL mint oil in their formulations exerted an antibacterial effect
on cariogenic bacteria (Lactobacillus acidophilus and Streptococcus mutans) [37]. Surfactin-
loaded k-carrageenan oligosaccharides linked cellulose nanofibers NPs diminished the
generation of ROS and pro-inflammatory cytokines and exhibited an anti-inflammatory
effect on lipopolysaccharide (LPS)-stimulated human gingival fibroblast cells. Furthermore,
these NPs induced OS, reduced the viability of Pseudomonas aeruginosa and Fusobacterium
nucleatum and prevented biofilm formation. However, these results were obtained from
the in vitro studies and needed to be evaluated by the animal clinical ones [38]. Local
injection of the curcumin-loaded NPs reduced the inflammatory infiltrate and osteoclast
numbers and completely prevented bone resorption in the LPS-induced periodontal rat
model. These NPs attenuated the activation of NF-kB and p38 mitogen-activated protein
kinases in the gingival tissues [39].

Reduced antioxidants and increased lipid peroxidation have also been reported in
oral cancers, indicating the OS contribution to this disease [32]. Furthermore, ROS-induced
OS can damage DNA, proteins and lipids to develop oral cancer [40]. Oral squamous cell
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carcinoma (OSCC) is amongst the most common cancers worldwide, in which OS and
the accumulation of ROS play key roles in carcinogenesis and progression. An overex-
pression of LOX, COX, NOX and NOS in oral cancer leads to an increase in the reactive
intermediates (ROS and RNS) levels, which regulates the activity of NF-«B, p53 and STAT
(signal transducer and activation of transcription), affecting cancer progression [41]. A
variety of NPs have been developed to treat oral cancer. Shi et al. developed hyaluronic
acid (HA)-based mesoporous silica NPs for the delivery of TH287 (protein MutT homolog
1 inhibitor) and P-glycoprotein 1 siRNA to treat OSCC. These NPs possessed a controlled
release of the drug and uptake by CAL27 cells, an inhibitory effect on the function of
P-glycoprotein 1 and a killing effect on oral cancer tissue. Treating the CAL27 xenograft
model with NPs caused a significant reduction in the tumor burden in comparison to the
free TH287 and control [42]. Arabic gum-encapsulated Au NPs demonstrated a reduction
in cell viability, c-Myc antibody levels and the expression of hypoxia-regulating miRNAs
(miR-21 and miR-210). They suppressed the expression of the hypoxia-inducible factor-1o
protein, showed a dose-dependent inhibitory effect on hypoxia in CAL27 and caused death
in tongue squamous carcinoma cells [43].

3.2. Esophageal Diseases

Gastroesophageal reflux disease (GERD), Barrett’s esophagus (BE), eosinophilic
esophagitis and esophageal cancer are the most common diseases induced by OS in the
esophagus. Repeated backflow of the stomach acid and other gastric contents into the
esophagus causes esophagitis. This problem is called GERD, which is characterized by
regurgitation and heartburn [44]. Studies have revealed the involvement of OS in the
development and progression of GERD, which in turn plays a pivotal role in the induction
of other OS-related esophageal diseases [45]. As shown in Figure 3, GERD can lead to
BE and replacement of the normal esophageal squamous epithelium with metaplastic
columnar epithelium that may develop into esophageal adenocarcinoma, a rare cancer [46].
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Figure 3. Gastroesophageal reflux disease (GERD) and its consequences as Barrett’s esophagus and
esophageal adenocarcinoma. TNF-«: tumor necrosis factor-«, IL-1p: interleukin-13, IL-6: interleukin-
6, COX-2: cyclooxygenase-2 and iNOS: inducible nitric oxide synthase. Reproduced from [46].

Unconjugated bile acids as potent COX-2 inducers and acidic pH cause ROS increase
and the stabilization of HIF-2« (hypoxia-inducible factor 2 alpha) in BE. The inflammatory
response to reflux injury is regulated by HIF-2« in association with NF-«B signaling. The
activation of NF-kB in the distal esophagus causes persistent inflammation. From esophagi-
tis to BE and esophageal adenocarcinoma, the levels of IL-1§3, IL-8 and NF-«B increase,
which results in epithelial cell proliferation, apoptosis inhibition and carcinogenesis. IL-6 is
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another pivotal cytokine in the BE pathogenesis. The generation of IL-6 in the metaplastic
epithelium activates and translocates STAT3 to the nucleus, which leads to the synthesis of
Bcl-xL and Mcl-1 as antiapoptotic proteins in cancer cells. The activation and interaction of
NEF-«B and IL-6/STAT3 pathways results in persistent inflammation and cancer progres-
sion [47,48]. In BE, Rho kinase ROCK?2 is activated in a calcium-dependent manner and
causes the overexpression of NOX5 and NOX5-S, which leads to the overproduction of
0,°~ and HOy, respectively. SOD inactivation and lipid peroxidation have been reported
in BE. The production of ROS is enhanced by esophageal epithelial cells under high gastric
acid, which activates macrophages, platelet-activating factor and proteinase-activated re-
ceptor 2 and causes OS, inflammation and mucosal damage [49]. Preventing the incidence
of GERD has been evaluated as an effective treatment strategy for other OS-induced dis-
eases in the esophagus. Dysfunction of the lower esophageal sphincter (LES) contractility
is one of the contributors to GERD pathogenesis. The use of nano-based delivery systems
for the controlled release of therapeutic agents to regulate the LES tone or neutralize gastric
acid is one of the strategies for effectively treating GERD [50]. Hydrogen sulfide (H;S),
a gastrotransmitter, has been reported as a probable key agent in the regulation of LES
contractility [51]. The design and development of the NPs exploiting this regulatory role of
H,S can be a promising approach for treating GERD. The oral delivery of therapeutics to
the esophagus faces several challenges including rapid clearance and short transit time [52].
Hammad et al. proposed an alternative to the oral administration of drugs in GERD
treatment. Intranasal administration of the surface-modified nanostructured lipid carriers
loaded with mosapride citrate showed great potential in enhancing the bioavailability of
the drug for treating GERD (4.54-fold more than oral marketed tablets and 2.44-fold more
than drug suspension). A strong relationship between the in vivo absorption in rabbits and
the in vitro permeation of the nanostructures across sheep nasal mucosa was shown by a
point-to-point correlation [53]. GERD in advanced stages can lead to esophageal cancer.
The combined administration of Cu—cysteamine NPs and disulfiram in xenograft nude mice
showed a noticeable inhibitory effect on the growth of esophageal tumors. This strategy
led to ROS accumulation, cell apoptosis and blocking of the translocation of NF-«kB into the
nucleus in esophageal squamous cell carcinoma [54]. Zhuang et al. synthesized Cu NPs
via an eco-friendly method using the extract of Mentha piperita as a reducing/stabilizing
agent to treat esophageal cancer and attributed their anticancer effects to their high an-
tioxidant activity [55]. Exploiting the overexpression of PI3K in esophageal squamous cell
carcinoma, a combination of the disulfide cross-linked micelle loaded with docetaxel and
the disulfide cross-linked micelle loaded with AZD8186 (PI3K inhibitor) was developed for
tumor-specific targeting. Evaluating these formulations in vitro and in KYSE 70 xenograft
mouse models showed potent synergistic anticancer activity of the nanoformulations with
reduced hemato-toxicity [56].

3.3. Gastric Diseases

Consumption of alcohol and nonsteroidal anti-inflammatory drugs, smoking, stress
and especially Helicobacter pylori (H. pylori) infection are among the OS-causing factors in
the stomach, which can result in gastric inflammation, ulcers and cancer [57]. H. pylori,
a microaerophilic and Gram-negative bacterium, possesses antibiotic resistance and has
been reported as the major inducer of gastric cancer [58]. The lack of an effective treat-
ment and unsuccessful attempts of the host to eradicate the infection of H. pylori lead to
bacterial colonization and generation of ROS and RNS by epithelial and immune cells.
This condition results in continued OS, chronic inflammation, DNA damage and gastric
carcinogenesis [59]. Activated gastric epithelial cells produce ROS to combat the H. pylori
infection. Reactive species such as O,°*~ and H,O; are produced by NOX and spermine
oxidase, respectively. DUOX2 and NOX1 play vital roles in gastric inflammation caused
by H. pylori, which can lead to peptic ulcers and gastric cancer [60]. H. pylori causes OS in
gastric epithelial cells and the activation of several signaling pathways including NF-«B,
AMPK (AMP-activated protein kinase), ERK, NF-kB-mediated NLRP3 inflammasomes,
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JAK/STAT3, PI3K/Akt/mTOR and PTEN/MAPK. NF-kB can result in angiogenesis and
inflammation. AMPK and PI3K/Akt/mTOR are involved in cell survival and cell pro-
liferation, respectively. The JAK/STAT3 pathway contributes to cell migration. ERK is
involved in cell proliferation and gene expression. PTEN/MAPK can lead to inflammation
and apoptosis [61].

Various nanomedicines have been developed to counteract this bacterial infection
and its complications. Metal-based NPs have been studied as long-lasting antimicrobial
agents to resolve the antibiotic resistance of H. pylori. Three main mechanisms have been
proposed for this antibacterial activity of metal NPs including ROS generation, the release
of metal ions and contribution to phototherapy [62]. Green synthesized zinc oxide NPs
using Quercus infectoria gall extracts (as reducing/capping/stabilizing agents) demon-
strated potent and dose-dependent antibacterial activity against H. pylori with a greater
inhibitory effect than clarithromycin and amoxicillin (standard antibiotics). The combi-
nation of these nanoformulations with amoxicillin decreased MICqy, demonstrating the
synergistic effect between NPs and antibiotics against H. pylori [63]. Nanovesicles with
an outer lipid layer of rhamnolipid and loaded with cholesterol-PEG, calcitriol and clar-
ithromycin showed antibacterial efficacy against H. pylori in the classical infected mice
model. These vesicles could reach the infected region by rapidly penetration through the
mucosal layer. They demonstrated their anti-H. pylori effect by destroying the bacterial
biofilms, exposing the interior bacteria, killing dispersed bacteria, preventing residual
bacteria from re-adhesion and blocking the regeneration of biofilms. These nanovesicles
activated downstream immune responses by releasing cholesterol-PEG from collapsed
vesicles, repairing lipid rafts and reconstructing cytokine receptors. Furthermore, they
killed intracellular bacteria by contributing to the regulation of H* and Ca?* balance and
restoring lysosomal acidification and degradation capabilities [64]. Activity of NOXs and
especially infiltration of the neutrophils and leukocytes lead to the overproduction of O,*~
and H,O; in peptic ulcers. Damage in gastric mucosa is often followed by a decrease
in HyS levels. Therefore, one of the therapeutic strategies for gastric ulcers could be the
administration of H,S [65]. Studies have shown the antioxidative and anti-inflammatory
effects of HS. Chitosan NPs loaded with tetrathiomolybdate and omeprazole released
H,S and molybdenum in a sustained manner and showed a healing effect on gastric ulcers
in rat models, which was approved by the reduced gastric juice content, stimulated cata-
lase activity and increased nitrite levels and histopathological evaluations [66]. The other
member of the gasotransmitter family, carbon monoxide (CO), has also been proposed
to treat gastric ulcers. Elsisi et al. reported the gastroprotective and healing effects of
CO on gastric ulcers. CO released from its donor (CORM-2) activated the nuclear factor
erythroid 2-related factor 2 (NRF2)/heme oxygenase-1 pathway and reduced OS, lipid
peroxidation and COX-2 in indomethacin-induced gastric ulcer models. They highlighted
that the PEGylated CORM-2 NPs could outperform CORM-2 in prophylaxis against gastric
ulcers, indicating the promoted bioavailability of their payloads [67]. Chitosan-bilirubin
conjugate NPs demonstrated a protective effect against OS and inflammatory-induced
gastric injuries, an inhibitory effect on the secretion of TNF-a and IL-6 and improved
cellular uptake. They accumulated in the stomach and provided long-lasting therapeutic
effects and anti-ulcer activity in the ethanol-induced acute gastric ulcer model [68]. Metallic
nanosystems such as Ag NPs exhibited a protective effect against gastric ulcers in rats,
which could be attributed to the capability of NPs to scavenge free radicals and decrease
lipid peroxidation and OS. These NPs were prepared using a combination of Melissa extract
and Arabic gum and reduced ulcer index, MDA levels and Bax protein expression. An
increase in the pH of stomach content, mucus secretion, CAT and SOD activities and HSP70
expression was observed upon using Ag NPs [69]. Studies revealed the effect of upregu-
lated spermine oxidase and NOX1 activity in the oxidative damage of DNA and gastric
oncogenesis induced by H. pylori infection [60,70]. In vitro and in vivo studies demonstrated
the strong efficiency of glucosamine-decorated 7-ethyl-10-hydroxycamptothecin-poly lactic
acid-loaded NPs in targeted gastric cancer therapy. Intravenous injection of these NPs into
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the MKN45 xenograft mouse model effectively prevented tumor growth. NPs possessed
the capability of accumulation in the gastric tumor site through both EPR effect (passive
targeting) and specific binding to the overexpressed glucose transporters on the tumor
cells (active targeting) with no probable off-target effect and enhanced cytotoxicity against
gastric cancer cells [71]. Poly (lactic-co-glycolic acid) (PLGA) NPs loaded with curcumin
demonstrated strong anti-gastric cancer and anti-H. pylori activity with emphasis on the
greater effectiveness of nanocurcumin than the native curcumin [72].

3.4. Intestinal and Rectal Diseases

OS in the lower part of the GI tract can lead to a variety of diseases such as colorectal
cancer, inflammatory bowel disease (IBD) and celiac disease [73,74]. In celiac disease, gluten
peptides can induce cytotoxic effects on the epithelial cells of the small intestine through
OS induction, which causes total villous atrophy (a flat mucosa with no villi) [73,75].
An increase in the ROS level and inducible NOS (iNOS) and COX-2 expression and the
activation of NF-kB signaling pathways and inflammatory cascade have been reported in
celiac disease [75]. An injection of gliadin-encapsulated PLGA NPs into the celiac disease
mouse models effectively caused immune tolerance to gliadin and decreased inflammatory
markers and gluten-induced enteropathy [76]. Similar results were reported in another
study where gliadin-encapsulated PLGA-antigen NPs inhibited gluten-induced immune
activation in celiac patients [77]. These findings revealed that restoring T cell tolerance to
gliadin could be used as a promising strategy to treat celiac disease. The administration
of an NP-in-microsphere oral system encapsulating IL-15 and tissue transglutaminase-2
silencing siRNA sequences to the polyinosinic/polycytidylic acid-based celiac disease
mouse model led to a decrease in the infiltration of neutrophils and expression of pro-
inflammatory cytokines. These systems also improved the healing process and restored
barrier function in the small intestine [78].

IBD is a complex and multifactorial disease manifesting in relapsing and chronic in-
flammation at different sites of the GI tract [79]. Despite the unknown exact etiopathology
of IBD, the pivotal role of OS in the pathogenesis of IBD has been emphasized by both local
and systemic detection of oxidative damages in the intestinal mucosa and peripheral blood
leukocytes of the patients, respectively [80,81]. Based on the nature of the histological disor-
ders and the location of the inflammation, IBD can be differentiated into two common types
including ulcerative colitis (UC) and Crohn’s disease (CD) [82]. In most cases, ulceration
and inflammation in UC are limited to the mucosal and submucosal layers of the colon
and rectum, while CD can extensively affect the GI tract and lead to inflammation in all
wall layers from mouth to anus in a discontinuous fashion. However, the incidence of CD
mostly occurs in the perianal site or terminal ileum [83]. The genesis and progression of
UC are affected by NOS, ROS, pro-inflammatory cytokines, an increased concentration
of MPO and a loss of mucosal antioxidant defense. The iNOS increases the synthesis of
NO and stimulates the expression of TNF-«, activates the generation of the intercellular
adhesion molecule ICAM) and P-selectin and causes neutrophil infiltration, leading to
cellular damage in the colon [84]. An association has been observed between the elevated
activity of Mn-SOD, XO, iNOS and TNF-« in CD patients and decreased antioxidant levels.
Memory T cells and major histocompatibility complex class II molecules (MHC) are in-
creased in CD [85]. Despite the similar properties of both types of IBD, O,°~ and *OH plays
a prominent role in CD occurrence, while HOCI and H,O, have been reported as major
players in the pathophysiology of UC [86]. The overproduction of ROS induced by mito-
chondrial dysfunction, a complicated balance between redox-sensitive pro-inflammatory
pathways (NF-«B and NLRP3 inflammasome) and the adaptive upregulation of GPX2 and
Mn-SOD determine the development of IBD [87]. Signaling pathways including extracellu-
lar signal-regulated kinase, RTKs, JNK and PKC (protein kinase-C) are activated by ROS,
which can result in inflammation in IBD [88]. MAPK pathways have also been reported
to be involved in initiating or developing IBD [89]. To overcome the obstacles of efficient
IBD treatment, various nano-based strategies have been developed. Polymeric nanocarri-
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ers are amongst the most studied colonic delivery systems. Application of the PEGylated
polyesterurethane NPs loaded with infliximab, an anti-TNF-« antibody, resulted in a higher
cellular uptake and interaction in inflamed epithelial cells compared with polycaprolactone
NPs and PLGA NPs. These NPs reduced the level of cytokines in inflamed monocytes,
provided a rapid recovery of the epithelial barrier function and showed good potential to
treat GI inflammation [90]. Tragacanth-whey liposomes loaded with gingerol possessed a
high protective effect on intestinal cells against hydrogen peroxide-induced damage [91].
Biotechnological hyalonutriosomes fabricated by using the bioactive whey prepared by
dark fermentation effectively internalized the colonic cells and showed great potential to
counteract OS. The application of these nanoformulations proposed a strategy to promote
intestinal health through their antioxidative effect on intestinal cells and proliferative effect
on Streptococcus salivarius, a human commensal bacterium possessing an inhibitory effect
on pathogen-induced inflammatory pathways [92]. Intrarectal administration of HA NPs
loaded with budesonide, a second-generation glucocorticoid, diminished MPO activity and
TNF-« concentration. These NPs targeted the inflamed tissues via interactions with overex-
pressed CD44 receptors, relieved inflammation, alleviated colitis and improved endoscopic
appearance in an acetic acid-induced colitis rat model [93]. Oral delivery of tacrolimus by
using cationic lipid-assisted NPs could alleviate lesions in dextran sodium sulfate (DSS)-
induced colitis through the ability of NPs to accumulate in the colon, increase retention
time and pass through the enterocytes [94]. Silencing and inhibiting the pro-inflammatory
pathways is one of the strategies used to treat IBD and inhibit the development of colorectal
cancer. Cationic liposomes loaded with NLRP3 siRNA efficiently delivered siNLRP3 into
peritoneal macrophages and prevented activation of the NLRP3 inflammasome. They also
exhibited an inhibitory effect on the secretion of IL-18 and IL-1f from macrophages and
infiltration of the immune cells. Modulating the macrophage polarization, downregulating
the CD4" T cell production, proper anti-inflammatory effects and alleviating intestinal
injury in DSS-induced UC mouse models were achieved by using these nanocarriers [95].
Inflammatory mediator SI00A9 correlates with the severity of UC and can be used as a
target molecule to treat UC. An evaluation of the macrophage membrane-coated PLGA
NPs developed for oral delivery of tasquinimod demonstrated drug accumulation in the
inflamed tissue, decreased S100A9 and other cytokines, attenuated the symptoms of UC
and reduced systemic toxicity in chemically induced UC mouse models [96]. Immunomod-
ulators and corticosteroids have been employed for the treatment of IBD. However, various
systemic side effects and immunosuppression limit their long-term use. 5-aminosalicylate
(5-ASA), as a nonsteroidal drug, is commonly prescribed to treat mild to moderate IBD,
especially UC [97]. However, a small amount of this therapeutic agent can reach the colon
because of its rapid absorption by the small intestine [98]. To overcome this obstacle,
various nanocarriers have been developed to deliver the 5-ASAs into the colon. For in-
stance, 5-ASA-loaded silicon dioxide NPs with lower drug dosage showed therapeutic
effects similar to high dosages of free drug, improved colonic histopathology scores and
disease activity index and decreased the severity of mucosal injury in DSS-induced UC
mouse models. Furthermore, lower levels of TNF-a and IL-6 in serum and expression
of the related mRNA in colonic mucosa were reported with the administration of these
NPs [99]. It has been reported that a combination of ZnO NPs with 5-ASA could improve
the therapeutic efficacy of 5-ASA in a DSS-induced colitis mouse model. Metal oxide
NPs such as SiO; and ZnO NPs have been used for treating IBD. ZnO NPs increased the
length of the colon, decreased the histological lesion score and disease activity index and
attenuated the colitis in the mouse model. Their therapeutic effect was attributed to their
antioxidant and anti-inflammatory properties. They elevated the level of GSH, activated
the NRF2 pathway and suppressed IL-1f3, TNF-ox, MPO, MDA and ROS generation. It
was reported that released Zn?* ions from the NPs likely possessed an attenuating effect
on colonic injuries [100]. Another common OS-induced disease involving the colon and
rectum is colorectal cancer. Activation of the NF-«kB and MAPK pathways involves the
expression of carcinogenesis-related genes, which increases the risk of colorectal cancer
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development [89]. 5-Fluorouracil is a standard chemotherapy drug for colorectal cancer.
However, its treatment efficacy is hindered by its short half-life and rapid metabolism. The
development of nanoformulations for loading this therapeutic agent has been proposed as
a solution to overcome this limitation. Intragastric administration of bacteria bioinspired
NPs composed of zinc gallogermanate mesoporous silica coated with Lactobacillus reuteri
biofilm was carried out to target the colorectal tumor by 5-fluorouracil. Chemotherapy with
these nanosystems diminished the number of tumors per mouse by one-half compared
to the use of 5-fluorouracil alone. The targeted delivery of the drug to the colorectal site
was supported by the ability of these NPs to withstand the gastric acid. These nanosys-
tems localized to the colorectal tumor, prevented the tumor growth and systemic toxicity
and increased the survival time of mice [101]. PEGylated solid lipid NPs loaded with
5-Fluorouracil caused high toxicity in HCT-116 cells. In subcutaneous xenograft mouse
models, these NPs improved the pharmacokinetic parameters of the drug, prevented the
growth of the tumor and downregulated the expression of human epidermal growth factor
receptor 2, a key oncogenic driver in the progression of colorectal cancer [102].

3.5. Stimuli-Responsive Nanomedicines for Treatment of OS-Induced GI Diseases

In recent decades, a variety of nanomedicines have been developed and characterized
for treating GI diseases, which can react to stimuli in a special predictable manner. This
reaction can be in response to the exogenous (laser irradiation, ultrasound, magnetic field,
changes in temperature) or endogenous (ROS, changes in pH values) stimulus or a com-
bination of them. OS-induced diseases in the GI tract are characterized by an excessive
level of ROS arising from an imbalance between ROS generation and the antioxidant sys-
tem. Therefore, various ROS-responsive nanomedicines have been developed to treat GI
diseases, especially for IBD. A prodrug as a pharmacologically inactive compound can be
metabolized into a pharmacologically active drug by in vivo biotransformation through en-
zymatic or chemical cleavages [103]. NPs self-assembled from aromatized thioketal-linked
budesonide and tempol prodrugs could be hydrolyzed via exposure to HyO; in a time- and
concentration-dependent manner. ROS-responsive NPs showed a simultaneous and almost
complete release of drugs in inflammatory macrophages. These NPs accumulated in the
inflamed colon and enhanced the maximum concentration of the drugs, preventing the ex-
pression of proinflammatory cytokines and oxidative mediators and relieving colitis in the
IBD mouse model [104]. D-a-tocopherol polyethylene glycol succinate-b-poly(3-thioester)
copolymer NPs loaded with luteolin alleviated the UC symptoms in the DSS-induced colitis
murine model. They suppressed TNF-«, IL-6, IL-17A and interferon-y and upregulated
IL-4, IL-10 and GSH. A decrease in the numbers of T helper 1 (Th1) and Th17 cells and an
increase in the numbers of Th2 and regulatory T cells were observed by the administration
of these nanosystems, which regulated the inflammatory environment and accelerated
intestinal wound healing. These NPs released the drug through size change in response to
ROS due to the thioether bond in the polymer main chain [105].

Another endogenous stimulus for the targeted delivery of nanomedicines is changes
in the pH value arising from a different condition in the specific tissues or cells or different
parts of the GI tract. Administration of the clustered carbon dot NPs to dental biofilm
rodent models reduced the viability of Streptococcus mutans without adverse effects on oral
microbiota balance. Furthermore, these NPs showed an anti-biofilm activity that could
be attributed to the interactions between NPs and bacterial membranes, the excessive
production of ROS and the fragmentation of DNA [106]. Some pH-responsive nanodelivery
systems have been developed to overcome the difficulties of drug delivery to the esophagus
arising from short transit time and rapid clearance. Self-assembled chitosan—eggshell
membrane NPs loaded with famotidine showed a controlled drug release up to 12 h at
pH 1.2, indicating their great potential to treat GERD [107]. Curcumin and docetaxel
co-loaded T7 peptide-modified targeted nanosystems exerted the pH-responsive drug
release behavior. They promoted biodistribution to the esophageal tumor, increased the
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concentration of drugs in the tumor tissue and led to the synergistic therapeutic effect in
the esophageal cancer cells of xenograft mice [108].

The harsh gastric environment leads to physiological obstacles for effectively treating
H. pylori and the delivery of some therapeutic agents including antibiotics and proteins. The
application of nanomotors, as a novel strategy for temporarily neutralizing the harsh acidic
environment and adjusting the local physiological parameters, can inhibit decreasing the
drug efficacy and avoid irreversible damage. Nanomotors can convert acid fuel into kinetic
energy and propulsive force, and they can be an alternative to commonly used proton
pump inhibitors. The application of a nanomotor composed of silica nanobottles loaded
with Pt NPs, clarithromycin and nano-calcium peroxide in mouse models led to a reduction
in H. pylori burden by 2.6 orders of magnitude compared with the negative control. The
chemical reaction between CaO, and gastric fluid led to the rapid consumption of protons,
temporarily neutralizing gastric acid. Pt NPs catalytically decomposed the product of this
reaction (hydrogen peroxide) to a huge amount of oxygen. The resulting gas efflux through
the narrow opening of the nanobottles caused them to push forward, providing maximum
prodrug release and efficacy [109]. The pH-responsive NPs composed of Zn-based zeolitic
imidazolate frameworks loaded with hydrogen-absorbed palladium were encapsulated in
ascorbate palmitate hydrogel and used for treating H. pylori infection. The outer hydrogel
could target the inflammatory site, was hydrolyzed by matrix metalloproteinase and
released NPs. Hydrogen and Zn?* resulted from the decomposition of these NPs by
gastric acid, which effectively killed H. pylori by disrupting the cell membrane permeability
of bacteria by hydrogen, accelerating the entrance of Zn?* into the cells, promoting the
cell leakage, interfering with the metabolism of bacterial cells and preventing urease
activity. In this nanosystem, gastric acid invasion of the bacteria was accelerated by Zn?*.
Released hydrogen from NPs prevented hyperactive inflammatory response by regulating
the secretion of inflammatory factors in macrophages, scavenging excessive oxygen free
radicals and alleviating OS-induced damages to epithelial cells. It also restored the impaired
gastric mucosa by upregulating the expression of mucosal repair protein. This anti-H. pylori
treatment strategy had no adverse side effects on gut flora homeostasis [110].

Colon targeting via the oral route necessitates developing nanodelivery systems that
can release therapeutic agents in a weak basic environment but not in acidic pHs. NPs
coated with Eudragit 1100, Eudragit S100, chitosan and other pH-responsive polymers
can facilitate the delivery of the drug into the lower sites of the GI tract and increase the
concentration of the drug in the colon with minimized side effects, which can be used
in the effective treatment of IBD. One of the promising treatment strategies for IBD was
loading the anti-miR-301a into an oral delivery system developed by using Eudragit 5100,
HA, PLGA and chitosan (Figure 4). These components ensured the targeted delivery of
the payload without its degradation during its journey to the intestine. The epithelial
cells and macrophages are the key factors in the progression of intestinal inflammation.
Therefore, the CD44 receptor, which is overexpressed on the inflammatory epithelial cells
and macrophages, was used as the target for this drug delivery. Eudragit S100 and HA
endowed NPs with pH responsiveness and a high affinity to CD44 receptors. Coating the
NPs with Eudragit 5100 led to minimizing the release of the drug in the stomach. However,
increasing the pH in the colon dissolved Eudragit S100 and led to the release of the payload.
As shown in Figure 4, HA on the surface of the NPs promoted their cellular uptake through
CD44 receptors at the inflamed site. NPs accumulated in the colon and improved the IBD
symptoms in DSS-treated mice by relieving inflammation, restoring colon length, repairing
the intestinal barrier and reducing the levels of IL-6, IL-13, TNF-« and MPO [111].
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Figure 4. The pH-responsiveness and colon-targeting of anti-miR-301a-loaded nanoparticles with the
high affinity of HA to the CD44 receptors at the inflamed site and ES100 dissolvability and releasing
the payload in the colon. PLGA: poly (lactic-co-glycolic acid) copolymer, ES100: Eudragit S100,
CS: chitosan, HA: hyaluronic acid. TJ: tight junction proteins. Reproduced from [111].

Eudragit-nutriosomes co-loaded with tocopherol and ascorbic acid demonstrated
great potential for intestinal-targeted delivery, treating OS-induced diseases and healing
intestinal wounds [3]. In another study, hydroxypropyl methylcellulose phthalate was used
as a cross-linker in synthesizing chitosan NPs loaded with 5-ASA and berberine to treat UC
and inhibit drug release in the upper parts of the GI tract. These NPs exhibited a reduction
in the wet weight of the colon and an increase in the length of the colon. They improved
the ulcer index and disease activity parameters and led to a proper drug release in the
simulated intestinal fluid without release in simulated gastric fluid. They were effective
in treating the acetic acid-induced UC in rats [112]. The pH-responsive nanocomposites
composed of poly (acrylic acid) brushes anchored on the pore channels of mesoporous silica
SBA-15 were designed for the colon-targeted delivery of doxorubicin. In this nanodelivery
system, poly (acrylic acid) brushes acted as gatekeepers, which capped the pore outlets and
kept the drug encapsulated in acidic pH (gastric environment). In colonic conditions, these
brushes were swelled to allow for the release of doxorubicin through the open outlet [113].

The application of responsive nanomedicines to external stimuli such as electromag-
netic field, ultrasound and laser irradiation in the treatment of the OS-induced GI disease
has brought promising therapeutic results. Magnetic sphingomyelin-containing liposomes
encapsulated with cisplatin used a combination of an external magnetic field and an en-
dogenous disease marker (sphingomyelinase enzyme) to release the drug only at the tumor
site and at the correct time. They prolonged the survival of the OSCC mouse model [114].
The application of the magnetic microbot was proposed as an effective strategy for treating
esophageal cancer, which facilitated targeted locoregional drug delivery in response to
the external magnetic field. These magnetic soft microbots were composed of mussel
adhesive protein microparticles embedded with iron oxide magnetic NPs and doxorubicin
and possessed a potent underwater adhesive capability and long-lasting retention in the
hydrodynamic fluid of the esophagus. A sustainable release of doxorubicin and an effective
anticancer activity were achieved by these microbots [115].

Sonodynamic therapy (SDT) by combining low-intensity ultrasound irradiation with
sonosensitizers to produce ROS can be used as a noninvasive strategy to treat deep tar-
get tissues [116]. Verteporfin-preloaded lecithin bilayer-coated PLGA NPs neutralized
the secreted virulence factor by H. pylori, vacuolating cytotoxin A. Localized ultrasound
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(0.5 W/cm? for 10 min) exposure of the skin over the stomach of the infected mouse models
decreased the H. pylori infection by these NPs as strong as the triple therapy (Figure 5).
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Figure 5. The effect of sonodynamic therapy on gastric H. pylori infection: the effect of the Ver-
PLGA@Lecithin (verteporfin-preloaded lecithin bilayer-coated PLGA NPs) on VacA (vacuolating
cytotoxin A) and H. pylori in the absence and presence of US (ultrasound) (a); the superior effect of
sonodynamic therapy in treating the H. pylori infection compared to triple therapy (b); H. pylori cells
after sonodynamic therapy in comparison to the control (c); stomach tissues of H. pylori-infected
mouse models treated with triple therapy or the combination of NPs and US (d). Healthy tissues
were used as the references. Reproduced from [117].

This effect was attributed to the generation of singlet oxygen (1O,) (neither O,*~
nor *OH) as the ROS. This strategy revealed useful results in non-antibiotic-based ther-
apy for the eradication of H. pylori, indicating not only no disruptive effect on the gut
microbiota but also Lactobacillus upregulation. Stomach tissues in mouse models treated
by this technique showed a similar appearance to the healthy ones. The results of the
study revealed that cell apoptosis was increased due to the infection by H. pylori. The
apoptotic condition became worse by triple therapy, while SDT by NPs decreased the
relative ratio of TUNEL-positive cells in the H. pylori-infected stomach back to normal [117].
The combination effect of SDT and chemotherapy on the orthotopic colorectal cancer mouse
model was evaluated by the oral administration of pH/ultrasonic dual-responsive enteric-
coated granules produced via enwrapping the nanoprobes by carboxymethyl chitosan.
Nanoprobes were fabricated by co-loading the chlorin e6 and doxorubicin hydrochloride
into the mesoporous silicon-coated Au NPs and encapsulating the resulting structure in the
folic acid-modified phospholipid. Carboxymethyl chitosan ensured the stability of granules
in the gastric acidic environment and rapidly disintegrated in the colorectum, leading to the
release of nanoprobes from the granules. Highly expressed folate receptors on the surface
of the colon cancer cells facilitated tumor targeting by folic acid. Breaking down of the
phospholipids could occur under ultrasound leading to the release of sonosensitizers and
chemotherapy drug. Treatment guidance was provided by CT imaging using the Au NPs
in mesoporous silicon, which showed the highest concentration of enteric-coated granules
7-9 h post-administration in the colorectum of the mouse model. The results revealed a
better anticancer effect of combination therapy than the single treatment [118].
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Phototherapy including photothermal therapy (PTT) and photodynamic therapy
(PDT) is a light-induced therapeutic strategy using photothermal conversion agents and
photosensitizers. In PTT, the energy of light is converted to heat and local hypothermia
plays a pivotal role in the therapeutic effect [119]. PDT is used as an effective technique
with minimal invasiveness for treating inflammatory and cancerous diseases, in which
a photosensitizer is applied to a target site to be exposed to the light of a specific wave-
length, preferentially in the red spectral region (A > 600 nm), and conducts photochemical
reactions leading to the generation of singlet oxygen and other ROS [120]. Phototherapy
has been studied for the treatment of different GI diseases. Various limitations hinder the
in vivo application of a single phototherapy method, particularly for deep-targeted cells.
Dendritic Au Ag NPs coated with procyanidin-Fe networks photothermally eradicated the
biofilm of periodontal pathogens under NIR irradiation and reduced OS and inflamma-
tion. They activated the phosphoinositide 3-kinase/protein kinase B signaling pathway,
enhanced the polarization of M2 macrophages, upregulated NRF2, scavenged ROS and
prevented the NF-«kB signaling pathway. The combination of these nanosystems with
NIR irradiation was proposed as an effective therapeutic strategy against periodontitis,
which could repair periodontal damage by modulating tissue regeneration [121]. The
application of doxorubicin-Ag NPs under laser irradiation resulted in the chemo-PTT dual
effect on esophagus cancer cells, downregulated the expression of antiapoptotic genes
and increased the level of caspase-3 mRNA in nanocomposite-treated cancer cells com-
pared to the control cells [122]. Under NIR laser irradiation, pH-sensitive Au nanostars
conjugated with H. pylori-antibodies nanoprobes could photothermally eradicate H. pylori
isolated from clinical patients possessing antibiotic resistance and also in mice models.
These nanoprobes did not disturb the intestinal microbiome within therapeutic doses and
caused the restoration of gastric lesions to normal status one month after PTT [123]. Intra-
luminal PDT treatment using fiber-covered esophageal stents prolonged the survival of
orthotopic esophageal cancer rabbit models. The electrospun fibers were embedded with
albumin-Chlorin e6-manganese dioxide NPs, which were gradually released and diffused
into the tumor. Chlorin e6 acted as a photosensitizer, and manganese dioxide significantly
increased the generation of the 'O, by reacting with endogenous H* and H,0O, at the tumor
site to produce O, and Mn?*, promoting the PDT efficacy [124]. Combination therapy
(photothermal-, photodynamic- and chemo-therapy) using photonic nanoporphyrin mi-
celles loaded with 7-ethyl-10-hydroxycamptothecin (SN-38) exhibited higher antitumor
efficacy than single treatments in HT-29 colon cancer xenograft mouse models. The en-
hancement of in vitro antitumor activity of this trimodal therapy was 350 and 78 times more
than single phototherapy and single chemotherapy with SN-38, respectively [125]. The
combination of PDT and ROS-responsiveness has been extensively studied for OS-induced
diseases of the GI tract. Platinum nanozyme-loaded prodrug NPs consisting of thioketal
bond-linked camptothecin and 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a were
developed for chemo-PDT of colon cancer. In these nanosystems, NIR irradiation (660 nm)
in the presence of 2-(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a as a photosensitizer
led to ROS generation, which not only possessed a PDT effect but also caused the camp-
tothecin release, providing chemotherapeutic effect. The catalyzing activity of platinum
nanozymes decomposed hydrogen peroxide and produced oxygen, promoting PDT and
the on-demand release of camptothecin [126]. A similar therapeutic strategy was used for
the targeted treatment of oral tongue squamous cell carcinoma. The synthesized PEGlated
doxorubicin prodrug through thioketal linkage and cyclo-arginine-glycine-aspartic acid-
d-phenylalanine-cysteine peptide modification was used to produce NPs for encapsulating
hematoporphyrin (a photosensitizer). NPs internalized cancer cells, and under laser irradia-
tion, they induced ROS production for PDT and the ROS-responsive release of doxorubicin.
They could target the tumor and diminish its growth in the mouse model [127].

A summarized list of nanomedicines developed and evaluated for the treatment of GI
diseases is illustrated in Table 1.
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4. Safety Issues of Nanomedicines

As mentioned previously, traditional pharmaceutical treatments require frequent ad-
ministration and more drug dosages due to their non-selectivity, which can lead to severe
side effects as well. The low solubility, poor biodistribution and disability to penetrate
through different biological barriers adversely affect the efficacy of the traditional drug
molecules. Targeted delivery, controlled release, reduced toxicity and the promoted solubil-
ity, lipophilicity, penetration proficiency, half-life and bioavailability of drugs achieved by
the use of nanomedicines have overcome the obstacles of the traditional treatments and en-
hanced the efficacy of nanomedicine-based treatments [145]. For instance, in the treatment
of tumor tissues where traditional pharmaceutical molecules face penetration difficulties,
nanomedicines can provide effective penetration, prolonged circulation time and targeted
accumulation in the tumor tissue with reduced off-target toxicity [146]. Despite these
potent beneficial effects, our knowledge regarding the effects of long-term administration
of nanomedicines, their probable toxicity and negative consequences is restricted. It is
necessary to pay more attention to the pharmacodynamics and pharmacokinetics aspects
of nanodrugs and nanomaterials used in the construction of nanomedicines. Prediction
and inhibition of their potential toxicity may not be completely feasible because of their
unknown interaction mechanisms with biological tissues, limited detection techniques
and the difficulties of monitoring the nanomaterials’” metabolism and deposition in the
body [147]. Long-term oral administration of nanomedicines even prepared with safe
substances approved by the FDA (Food and Drug Administration) may adversely influence
gut microbiome homeostasis [148]. Some studies have reported genotoxicity, immuno-
genicity and irreversible changes and malfunction of the intracellular organelles due to
the administration of nanomedicines [149]. Some of the nanomaterials may damage DNA,
break its strands, fragment chromosomes, cause point mutations and increase the risk of
cancer. Nanomedicines may induce this genotoxicity directly through their interaction
with chromosomes or DNA, inhibiting its transcription or replication. They can also act
indirectly via releasing toxic ions or ROS generation, which interfere with involved pro-
teins in the genetic functions or oxidize nitrogenous bases and cause their mispairing and
mutation [150]. Nanomedicines may cause immunogenicity, regional inflammation or
allergic-like responses. The immunogenicity potential of nanomedicines depends on their
type, dose and exposure time. The biocompatibility of nanomaterials cannot eliminate
the risk of immunotoxicity [151]. Homeostasis of intracellular organelles such as the mi-
tochondria, endoplasmic reticulum and plasma membrane may be negatively affected
by nanomedicines. Especially, negatively charged NPs can induce lysosome membrane
permeabilization, cytosolic acidification, cellular component disintegration and apoptosis.
Positively charged NPs may damage the intracellular organelles and cause cell death [152].
Extensive in vivo studies and the use of artificial intelligence can help evaluate and predict
the pharmacotoxicological, pharmacokinetic and toxicological characteristics of nanoparti-
cles [153]. In this regard, a multidisciplinary collaboration of scientists, regulatory bodies
and clinicians along with efforts for the cost-effective and safe clinical transformation of
nanomedicines are required as well. Despite the current activities of WHO (World Health
Organization), FDA, EMA (European Medicines Agency) and ICH (International Council
for Harmonization of Technical Requirements for Pharmaceuticals for Human Use), it
seems more regulation, standards and supervision are needed to ensure the production of
nanomedicines with long-term safety.

5. Concluding Remarks

Despite the critical role of ROS in various physiological processes in the GI tract,
excessive generation of ROS that cannot be neutralized by the antioxidant defense system
leads to OS and the incidence of different GI diseases. In this regard, the role of pro-
oxidants, reactive intermediates and antioxidants in each part of the alimentary canal was
elucidated in the current review paper. Mitochondrial dysfunction, lipid peroxidation and
DNA and tissue damage are the consequences of OS in the GI tract. This review revealed
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the great strides made in the treatment of GI diseases by application of nanomedicines
including targeted and stimuli-responsive NPs. The results of the studies showed that
nanomedicines can treat GI diseases by inducing antioxidant activity, anti-inflammatory
effects, antibacterial and anti-biofilm activity and tissue repair, and promoting immune
tolerance according to the specific conditions of each disease and the related GI environment.
However, there is still a long way to go to find a potent strategy for the comprehensive
management of GI diseases caused by OS. Further studies are needed to gain more insight
into the oxidative pathway involved in the pathogenesis of each GI disease, the therapeutic
mechanisms of nanomedicines and their potential risks. Future perspectives for more
effective treatment of GI diseases may include the design and development of bioinspired
and biomimetic smart multifunctional nanomedicines including nanomotors and nanobots
by exploiting the specific environment of different GI organs.
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Abstract: Vanillin, an aromatic aldehyde, is one of the most popular flavors worldwide, extensively
used in the food, cosmetics, pharmaceutical, and agrochemical industries. Despite its widespread use,
less than 1% of the total vanillin production is natural, with the majority being synthesized chemically.
While chemical synthesis can help to meet the growing demand for vanillin, a strong market trend
has rapidly developed for products created from natural ingredients, including natural vanillin.
Given the labor-intensive process of extracting vanillin from vanilla pods, there is a critical need for
new metabolic engineering platforms to support the biotechnological production of nature-identical
vanillin. This review highlights the significance of vanillin in various markets, its diverse applications,
and the current state of bio-engineered production using both prokaryotic and eukaryotic biological
systems. Although recent advancements have demonstrated successful vanillin production through
biocatalytic approaches, our focus was to provide a current and innovative overview of vanillin
bioengineering across various host systems with special consideration placed on microalgae, which
are emerging as promising platforms for vanillin production through metabolic engineering. The
use of these systems to support the biotechnological production of vanillin, while leveraging the
photosynthetic capabilities of microalgae to capture CO, and convert it into biomass, can significantly
reduce the overall carbon footprint.

Keywords: microalgae; vanilla; synthetic biology; biotechnological production; sustainability; photo-
synthetic microorganisms

1. Introduction

In recent decades, the demand for flavor and fragrance compounds has surged, driven
by the consumer preference for enhanced sensory experiences in food and other prod-
ucts [1]. Vanillin, in particular, has emerged as one of the most widely used flavoring
agents worldwide, valued for its distinctive aroma and versatility [2,3]. Consequently, the
aroma and fragrance industry has invested heavily in innovative production methods for
vanillin to meet this growing demand sustainably and efficiently. Vanillin is the major
organoleptic compound of vanilla aroma and is an aromatic aldehyde crystallized in the
form of a white powder with a sweet taste and intense aroma [4]. The production of vanillin
is possible through natural plant, biotechnological, and chemical processes [5]. However,
only natural plant-extracted vanilla and vanillin produced using biotechnological platforms
have been approved by the European Food Law (European Directive 88/388/EEC, O] No.
L184, 22 June 1988) and United States of America Food Law [6] as a “natural” food-grade
spice [7]. Lately, a strong market trend has developed rapidly for products designed from
natural ingredients [8], thus creating a strong demand for nature-identical vanillin, mainly
for applications in beverages and foods with therapeutic properties. Currently, the global
vanillin market is expected to grow from USD 12.73 billion in 2022 to USD 19.11 billion
by 2030, with a Compound Annual Growth Rate (CAGR) of 5.2% over the forecast period
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between 2022 and 2030 according to the market research company SNS Insider Strategy
and Stats [9] (Figure 1).

20 19.11
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104

USD Billion

0 1 1 1 1 1 1 1 1 1
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Figure 1. Vanillin market size reported by SNS Insider in 2022 [9].

Natural vanilla and vanillin, although often used interchangeably in everyday con-
texts, differ significantly in their source, composition, and production methods. Natural
vanilla is derived from the beans of the vanilla orchid, involving a labor-intensive process
of cultivation, hand-pollination, harvesting, and curing, resulting in a complex mixture
of several hundred compounds that contribute to its rich and nuanced flavor profile. In
contrast, vanillin is a single chemical compound, 4-hydroxy-3-methoxybenzaldehyde,
which can be produced synthetically from precursors like guaiacol, or through biotechno-
logical methods involving microbial fermentation. This simpler composition and more
straightforward production process make vanillin more affordable and widely available,
albeit with a less complex flavor compared to natural vanilla. Vanillin was isolated by
Theodore Nicolas Gobley in 1858 [10]. Today, it is widely coveted by industries mainly for
its applications in the areas of agri-food /beverages, perfumery/cosmetology, and medicine.
Approximately 60% of industrial vanillin is used in the food/beverage industry, 33% in the
perfumery/cosmetics industry, and 7% in the pharmaceutical industry [11].

The production of natural vanilla from vanilla pods is a costly and laborious process;
to produce a single kilogram of vanilla, it requires approximately 500 kg of vanilla pods
and a manual pollination of about 40,000 flowers [12]. This generates a high cost of natural
vanilla on the market, between USD 1200 and 1400 per kg [13], compared to synthetic
vanillin that costs less than USD 15 per kg [6,14]. For this reason, the biotechnological
or bioengineering production of vanillin is of substantial interest for higher yields and
more sustainable alternatives for spice production. As vanillin is derived from aromatic
amino acid metabolism, screening Vanilla planifolia plants and other natural producers
of vanillin such as Glechoma hederacea, Oryza sativa, and Bruguiera gymnorhiza [4,15,16] for
the genes encoding the enzymes that are responsible for vanillin biosynthesis enables
the heterologous production of vanillin in other organisms and its optimization into a
sustainable high-yield system (Figure 2).
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Figure 2. Current and future approaches for biologically engineered hosts for the production of
vanillin. The black arrows indicate current approaches, while red arrows represent future approaches.

The biotechnological production of vanillin is carried out by the bioconversion of vari-
ous natural substrates, such as ferulic acid, eugenol, isoeugenol, lignin, and glucose, using
metabolically efficient biofactories, such as fungi, yeasts, or bacteria [17]. However, these
current production systems often face several challenges, including inefficient metabolism
in some cases, as well as cytotoxicity of the reaction products and/or intermediates in the
culture media. Additionally, the formation of by-products due to the overexpression of
endogenous vanillin dehydrogenase enzymes significantly impacts yield and quality, ne-
cessitating further purification steps. This is often viewed as a challenge for manufacturers
and a bottleneck for environmental sustainability [7]. However, with the recent advances in
genetic engineering, CRISPR-Cas9 technology, and purification techniques, the proportion
of vanillin produced from these expression systems is increasingly expanding [3,18-20]. In
order to support the biotechnological production of high-quality, sustainable, food-grade
vanillin, photosynthetic organisms such as microalgae represent an ideal biomanufacturing
system. Indeed, photosynthetic microorganisms can grow in the absence of a source of
organic carbon. In addition, they can sequester carbon, allowing them to limit the indus-
trial carbon dioxide (CO;) emissions while reducing their impact in terms of greenhouse
gases [21]. Several molecules of interest, including recombinant proteins such as pleiotropic
antigens, and plant-specialized metabolites such as zeaxanthin, terpenoids, and growth
hormones, have already been produced by this type of expression system [22-24]. More-
over, with the rapid advancement of metabolic engineering tools and techniques, there has
been a surge in the algal production of high-value compounds. This review summarizes
the importance of vanillin across various markets (food, perfumery/cosmetics, and phar-
maceuticals/agrochemicals) and examines the current biological engineering production
systems, including those based on bacteria, yeast, and plants. Special consideration is
afforded to microalgae, which are emerging as promising platforms for supporting the
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biotechnological production of vanillin through metabolic engineering. The manuscript
also addresses the challenges associated with implementing microalgal-based vanillin
production systems. This work aims to promote the use of these systems to enhance the
biotechnological production of vanillin, leveraging the photosynthetic capabilities of mi-
croalgae to capture CO; and convert it into biomass, thereby reducing the overall carbon
footprint.

2. Industrial Applications of Vanillin
2.1. Food and Beverage Industry Applications

Flavor is a sensation caused jointly by the taste and smell of a food. This is an
organoleptic criterion that is regularly monitored in the agri-food industry in order to meet
consumer demands [25]. The iconic and unmistakable flavor of vanillin, often described as
sweet, is widely used in cold or baked confectionery, chocolate, pastries, and in the malting
industry for its application to therapeutic drinks [11]. More interestingly, vanillin is often
used in athletic beverage preparation to mask the bitter taste usually provided by some
amino acids, such as arginine [25]. In addition to the human food applications, vanillin is
applied as an additive to improve the feeding of chickens while protecting them against
gastrointestinal infections [26]. In addition, the benefits of vanillin could be directly applied
to the science of climate change. Ruminants (goats and dairy cows) have microorganisms
(protozoa, fungi, and bacteria) in their rumen that are capable of fermenting complex
carbohydrates to produce simple sugars and some atmospheric gases such as methane [27]
which is known to be a potent greenhouse gas that is responsible for climate change [28].
Thus, the addition of vanillin as an ingredient in ruminant feed could improve its taste
while inhibiting the growth of microorganisms, thereby limiting the release of methane
into the atmosphere.

2.2. Applications in Perfume/Cosmetics

The tasty and pleasant scent of vanillin has applications in perfumery and cosmetology.
Vanilla is used as a fragrance ingredient in perfumery formulations and preparations; it
masks unpleasant odors and provides a very pleasant aroma [14]. Vanillin is used as
a perfume fixative to preserve the appreciated fragrance in time and space. Due to its
biological structure, vanillin stimulates the expression of the transcriptional factors (pOct-
4, Oct-4, and Nanog) involved in the maintenance of pluripotent cells, the regeneration
of epithelial stem cells in humans, and the expression of epithelial adhesive protein (E-
cadherin), which helps to maintain the freshness of the body and increases its resistance
against skin infections [29-31]. These regenerative and antimicrobial properties make
vanillin a potential ingredient used in cosmetology and various applications in addition to
its pleasant organoleptic properties.

2.3. Bioactivities/Pharmaceutical and Agrochemical Applications

Vanillin is used in the pharmaceutical industry as an excipient for several therapeutic
drugs, such as antidepressants and antimicrobials [32,33]. This is the case for the antihy-
pertensive drug methyl-dopamine (mixture consisting of 0.01 M of dopamine, vanillin,
and N-methylacetamide, respectively) [34] used to treat hypertension, | -dopamine used to
treat Parkinson’s disease, and a few anti-infectious agents such as trimethoprim [35]. In
addition, numerous studies have demonstrated the pharmacological properties of vanillin,
such as anticancer activity by mediating the antimutagenic potential and DNA damage [36],
neuroprotective activity by attenuating biochemical impairments, learning and memory,
and locomotor and motor coordination [37,38], antifungal activity through mitochondrial
dysfunction [39], and, finally, antiviral and anti-inflammatory activities by neuraminidase
inhibition and the modulation of the intracellular signaling pathways in THP-1 cells [40,41].
Moreover, it has recently been demonstrated that vanillin induces osteoblast-mediated
bone-forming phenotypes through cell migration and F-actin polymerization [42]. Al-
though vanillin is widely used in the food, pharmaceutical, and cosmetics industries, its
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application in agro-chemistry for the production of green pesticides has recently attracted
significant attention from the scientific community. Indeed, the chemical structure of
vanillin, which contains a hydroxyl group and a highly modifiable aldehyde function,
enables the addition of a series of bioactive motifs via an ether bridge, reductive ami-
nation, and thioacetalization to generate vanillin-derived pesticides [43]. Lou, et al. [44]
recently provided a comprehensive summary of the advancements in vanillin-derived
pesticides, highlighting how vanillin’s unique properties are being harnessed to create
more sustainable and environmentally friendly antiviral pest control solutions. These inno-
vations contribute to the growing interest in green chemistry and sustainable agriculture,
offering alternatives to the conventional synthetic pesticides that are often harmful to the
environment and human health.

Due to the wide range of vanillin’s applications, farmers, industrialists, and scientists
are increasingly interested in the production systems of this highly valuable molecule to
ensure its timely availability in large quantities.

3. Vanillin Biosynthesis in Vanilla Plants

Vanillin, or 3-methoxy-4-hydroxybenzaldehyde (CgHgO3), is an aromatic aldehyde
found in vanilla pods. Natural vanilla is a spice derived from orchids of the genus Vanilla,
mainly obtained from the pods of V. planifolia, V. pompona, and V. tahitensis [7,45]. The
de novo biosynthesis of vanillin through the phenylpropanoid pathway in V. planifolia
was investigated by Gallage, Hansen, Kannangara, Olsen, Motawia, Jorgensen, Holme,
Hebelstrup, Grisoni and Meller [4]. Vanillin biosynthesis involved several steps and en-
zymes, such as phenylalanine ammonia lyase (PAL; EC 4.3.1.25), cinnamate-4-hydroxylase
(C4H; EC 1.14.13.11), 4-hydroxycinnamoyl-CoA ligase (4CL; EC 6.2.1.12), hydroxycin-
namoy! transferase (HCT; EC 2.3.1.133), and 4-coumaroyl ester 3’-hydroxylase (C3'H; EC
1.14.13.36) [46,47]. The intermediates obtained from the catalytic reaction of these enzymes
are coenzyme A derivatives as well as shikimate- and quinate esters of coumaric acid and
caffeic acid [48]. Caffeic acid is a direct precursor of ferulic acid. It is methylated to ferulic
acid by the enzyme caffeate O-methyltransferase (COMT; EC 2.1.1.68). Using coupled tran-
scription/translation assays and transient expression in tobacco and yeast, a gene VpVAN
encoding an enzyme called vanillin synthase (VpVAN; EC 4.1.2.41), which catalyzes the C2
side chain shortening of ferulic acid and its glucoside to vanillin or vanillin-b-D-glucoside,
was identified in the chloroplasts and re-differentiated chloroplasts of V. planifolia. The dis-
covery of this enzyme enabled Gallage, Hansen, Kannangara, Olsen, Motawia, Jergensen,
Holme, Hebelstrup, Grisoni and Mgller [4] to elucidate the complete pathway of vanillin
biosynthesis (Figure 3). A non-f-oxidative pathway for vanillin biosynthesis was also re-
ported by Podstolski, et al. [49]. In this proposed pathway, 4-coumaric acid is first converted
to 4-hydroxybenzaldehyde by 4-hydroxybenzaldehyde synthase (4-HBS; EC number not
identified). The 3’-hydroxylation of 4-hydroxybenzaldehyde by the C3'H will then yield
3,4-dihydroxybenzaldehyde followed by the O-methylation of the 3’ hydroxyl group by
an O-methyltransferase (OMT) to produce vanillin. Nevertheless, the yield of plant-based
vanillin is relatively low, and the extraction and purification present several challenges [50].
In recent decades, the increased knowledge regarding the metabolic pathway and the
corresponding enzymes involved in the conversion of various natural substrates, such as
ferulic acid, eugenol, isoeugenol, lignin, and glucose, to bio-vanillin has provided new
opportunities for bioengineering microorganisms for vanillin biosynthesis. Several authors
have reported the biotechnological production of vanillin in plants, bacteria, and yeast,
as summarized in Appendix A—Table Al. However, microalgae, as potential expression
systems, may offer a promising alternative to support the biotechnological production of
vanillin. This review will highlight the importance of these photosynthetic hosts for vanillin
production, which remain underexplored compared to non-photosynthetic microorganisms
despite their potential for more sustainable and efficient production.
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Figure 3. Vanillin and vanillin-3-D-glucoside biosynthesis pathways in V. planifolia pods. |-
phenylalanine from the shikimate pathway will undergo a series of reactions to yield ferulic acid,
which will subsequently be cleaved into vanillin by the enzyme vanillin synthetase according to Gal-
lage, Hansen, Kannangara, Olsen, Motawia, Jergensen, Holme, Hebelstrup, Grisoni and Meller [4]. As
present in red according to Podstolski, Havkin-Frenkel, Malinowski, Blount, Kourteva and Dixon [49],
4-coumaric acid can be directly converted to 4-hydroxybenzaldehyde followed by 3’ hydroxylation
and O-methylation to yield vanillin. Abbreviations: COMT: caffeate O-methyltransferase; PAL:
phenylalanine ammonia lyase; OMT: O-methyltransferase; 4HBS: 4-hydroxybenzaldehyde synthase;
C4H: cinnamate 4-hydroxylase; 4CL: 4-hydroxycinnamoyl-CoA ligase; HCT: hydroxycinnamoyl
transferase; C3'H: coumaroyl ester 3'-hydroxylase; and VpVAN: V. planifolia vanillin synthase.

4. Engineering Prokaryotic and Eukaryotic Expression Systems for Sustainable
Vanillin Production

Metabolic engineering aims to construct a metabolic pathway of interest in host or-
ganisms for the production of high-value-added compounds, thereby enhancing the yield
and efficiency for industrial-scale production [51]. Microorganisms such as bacteria and
yeast are widely used in metabolic engineering projects since they can be easily genetically
modified with the availability of a wide range of molecular tools. This section summarizes
the recent advancements and achievements in vanillin production using bacteria, yeast,
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and plant tissues. It highlights the progress in optimizing the metabolic pathways, en-
hancing enzyme functionality, and applying innovative genetic engineering techniques
to increase the vanillin yield across these biological systems. Additionally, the section
addresses the current challenges in optimizing microbial-based vanillin production, such
as low yield, metabolic bottlenecks, and strain stability. Potential strategies to overcome
these challenges are also explored, including advanced metabolic engineering, adaptive
laboratory evolution, and process optimization to improve scalability and commercial
viability.

4.1. Engineering Prokaryotic Microorganisms for Vanillin Production
4.1.1. Engineering Escherichia coli

E. coli has been extensively used for the heterologous production of vanillin [52]. In
particular, Torre, et al. [53] immobilized the recombinant strain M109/pBB1, which was
mutated at the alcohol dehydrogenase (ADH; EC 1.1.1.1) locus and expressed the genes
encoding feruloyl-CoA synthetase (FCS; EC 6.2.1.34) and enoyl-CoA hydratase/aldolase
(ECH; EC 4.2.1.17) from Pseudomonas fluorescens BF13 in a reactor. This strategy resulted in
the production of 0.080 g/L of vanillin from 0.200 g/L of ferulic acid in the immobilized-cell
reactor. As a result, the combination of these two genes has been widely employed in E. coli
expression systems. This is the case for Barghini, Di Gioia, Fava and Ruzzi [12], who were
able to produce 0.53 g/L of vanillin from ferulic acid by co-expressing the same two genes in
E coli strain JM109. Further progress in vanillin production using bacteria was realized eight
years later by the research of Ni, et al. [54]. In fact, for the de novo production of vanillin
in E. coli, this research group partially mimicked the vanillin biosynthetic pathway of the
plant V. planifolia using the E. coli strain genetically engineered to overproduce 1.tyrosine
(Figure 4B). The carbon flux from the primary metabolism of carbohydrates and simple
organic compounds, such as glycerol and xyloses, was directed to vanillin via 1 -tyrosine.
This strategy produced 97.2,19.3, 13.3, and 24.7 mg/L of vanillin from  .tyrosine, glucose,
glycerol, and xylose, respectively [54]. The conversion of protocatechuic acid to vanillic
acid is a central step in the de novo biosynthesis of vanillin [55]. A central metabolism
perturbation designed to increase the flux in the de novo biosynthetic pathway of vanillic
acid increased the mean of the de novo vanillate yield from 132 to 205 mg/L [55]. However,
protocatechuic acid, the precursor of vanillic acid, remained the dominant biosynthetic
intermediate. To maximize this step of converting protocatechuic acid to vanillic acid,
Kunjapur, Hyun and Prather [55] demonstrated that supplementation with methyl donor
(methionine and homocysteine) improved the vanillin acid production from protocatechuic
in E. coli strain DH10B. An artificial pathway for vanillic alcohol biosynthesis from simple
carbon sources was proposed by Chen, et al. [56] using the E. coli BW25113 strain. This
pathway required only four heterologous enzymes, namely p-hydroxybenzoate hydroxy-
lase (PobA), carboxylic acid reductase (CAR), caffeate O-methyltransferase (COMT), and
the CAR maturation factor phosphopantetheinyl transferase (Sfp) (Figure 4A), and led
to 0.24 g/L of vanillyl alcohol released into the culture medium [56]. Vanillin can be
converted from isoeugenol in one step via the oxidation of the side chains by the enzyme
isoeugenol monooxygenase (IEM). The isoeugenol monooxygenase gene from the bac-
terium Pseudomonas nitroreducens Jinl was therefore cloned into E. coli [57]. This strain
produced 38.34 g/L of vanillin from 49.2 g /L of isoeugenol. More recently, to optimize the
yield of vanillyl alcohol production, Yang, et al. [58] mutated the shikimate dehydrogenase
(aroE) gene in E. coli strain BW25113. In this study, gene aroE was knocked out to improve
3,4-DHBA biosynthesis of the upstream strain. Using the bioengineering E. coli BW25113
(YMC13/YMC14) co-culture strategy, this strain was able to produce 0.5 and 3.89 g/L of
vanillic alcohol in shake-flask and fed-batch fermentations [58].

142



BioChem 2024, 4

OH OH O

H HO

HO.

(@ COMT ADHs CAR PobA Ublc
= h h h h
OCH; OH OH OH

OH OH OH

VA 3,4-DHBAal 3,4-DHBAad 3,4~ DHBA 4- HBA ' Chm
.* ,.o
1(70 HO o L
H o]
. PEPS ‘ HO -
Glycolysis ——p PEP R
3 DHS
0~
QS =DaHP
OCH3 5 \
HoN
OH Pentose TKT
Vanillin Q,C(\ phosphate —> E4P
SCoA CoAS\< HO\< HO 4pr
HO
_—
( ECH FCS COMT \ C3H \<
(@ =t e g ~
OCH,
OCHs OCH;4 on
OH
OH OH on I
HMH-CoA FC FA CA .

Figure 4. Engineered biosynthetic pathways for the de novo heterologous production of vanillin
in E. coli. (A,B) represent the different metabolic pathways proposed by Chen, Shen, Wang, Wang,
Zhang, Rey, Yuan and Yan [56] and Ni, Tao, Du and Xu [54]. (A) The arrows with black annotation
in Chen'’s proposed pathway indicate the native pathway in E. coli, and the arrows blue annotation
indicate the heterologous steps that have been added. (B) Pathway proposed by Ni, Tao, Du and
Xu [54]; the green arrows contain three non-bacterial enzymes involved in the artificial pathway
from tyrosine to ferulic acid, and the last black arrows of this pathway represent steps catalyzed by
two bacterial enzymes involved in the conversion of ferulic acid to vanillin. Abbreviations. PEP:
phosphoenolpyruvate; E4P: D-erythrose 4-phosphate; DAHP: 3-deoxy-D-arabinoheptulosonate 7-
phosphate; 4-HPP: 4-hydroxyphenylpyruvate; 1 . Tyr: 1 -tyrosine; pCA: coumaric acid; CA: caffeic acid;
FA: ferulic acid; FC: feruloyl-CoA; HMH-CoA: 4-hydroxy-3-methoxyphenyl-p-hydroxypropionyl-
CoA; 3-DHS: 3-dehydroshikimic acid; Chim: chorismate; 4-HBA: 4-hydroxybenzoic acid; 3,4-
DHBA: 3,4-dihydroxybenzoic acid; 3,4-DHBAad: 3,4-dihydroxybenzaldehyde; 3,4-DHBAal: 3,4-
dihydroxybenzyl alcohol; VA: vanillyl alcohol; PEPS: phosphoenolpyruvate synthase; TKT: trans-
ketolase; AroG: 2-dehydro-3-deoxyphosphoheptonate aldolase; AroL: shikimate kinase II; UbiC:
chorismate lyase; PobA: p-hydroxybenzoate hydroxylase; CAR: carboxylic acid reductase; ADH:
alcohol dehydrogenases; COMT: caffeate O-methyltransferase; VAO: vanillyl alcohol oxidase; AT:
aminotransferase; fbr-CM/PDH: fbr-chorismate mutase/prephenate dehydrogenase; TAL: tyrosine
ammonia lyase; C3H: 4-coumarate 3-hydroxylase; FCS: trans-feruloyl-CoA synthetase; and ECH:
enoyl-CoA hydratase/aldolase.

143

o}



BioChem 2024, 4

4.1.2. Engineering Pseudomonas sp.

Pseudomonas sp. has also been used for the production of various plants’ specialized
metabolites, including vanillin. To develop an effective strain of Pseudomonas that is
capable of producing vanillin with high yields, research from Di Gioia, Luziatelli, Negroni,
Ficca, Fava and Ruzzi [29] suppressed, by directed mutagenesis, the gene (vdh) encoding
the vanillin dehydrogenase of the Pseudomonas fluorescens BF13 strain. The inactivation
associated with the simultaneous expression of the structural genes encoding feruloyl-CoA
synthetase and enoyl-CoA hydratase/aldolase from a low-copy-number plasmid enabled
this strain to produce up to 1.27 g/L of vanillin from ferulic acid [29]. Later, the non-
pathogenic strain Pseudomonas putida KT2440 was genetically optimized to convert ferulic
acid into vanillin. This genetic modification strategy aimed to enhance the efficiency of the
metabolic pathway responsible for converting ferulic acid into vanillin while minimizing
the formation of undesirable by-products. This was achieved by downregulating the
vanillin dehydrogenase (vdh) and trans-molybdate transporter genes while enhancing the
expression of feruloyl-CoA synthetase and enoyl-CoA hydratase/aldolase under the tac
promoter. As a result, a yield of 1.66 g/L of vanillin was obtained, indicating the success of
the genetic modifications in increasing vanillin production while minimizing by-product
formation [59].

4.1.3. Engineering Corynebacterium glutamicum

C. glutamicum is a promising host for metabolic engineering studies, mostly for the
industrial production of amino acids [60]. However, some publications have demonstrated
the capacity of the genetically modified strain to metabolize vanillin. Chen, et al. [61]
investigated the ability of the strain in culture to resist high concentrations of vanillin
produced from lignocellulosic biomass. A transcriptome analysis revealed that, in addition
to stimulating vanillin degradation enzymes, high concentrations of vanillin also caused
differential regulation of antioxidant enzymes, secretory proteins, and the cell envelope [61].
These insights may be useful for the engineering of vanillin tolerance strains for suitable
production of biofuels from lignocellulosic biomass. Thus, the conversion of ferulic acid
to protocatechuic acid was enabled in C. glutamicum ATCC 21420 by cloning the vanillic
acid O-demethylase (vanAB) gene of Corynebacterium efficiens NBRC 100395, which converts
vanillic acid into protocatechuic acid [62]. This transformed strain was able to produce
1.06 g/L of protocatechuic acid from 3.10 g/L of ferulic acid. Also, an artificial biosynthetic
pathway expressing the COMT and CAR genes from Rattus norvegicus and Nocardia iowensis,
respectively, has recently been cloned into C. glutamicum [63]. The carbon flux was directed
towards vanillin by the deletion of the gene NCgl0324 encoding an aromatic aldehyde
reductase. The new strain PV-IYD0324 resulting in the culture produced 0.31 g/L of vanillin
from endogenous 4-hydroxylbenzoic acid.

4.1.4. Engineering Pediococcus acidilactici

P. acidilactici is a Gram-positive coccus used as a host for the production of aromatic
compounds such as vanillin. This bacterium has several advantages in metabolic engineer-
ing, particularly growth at high temperature, pH, and osmotic pressure values [64]. The
P. acidilactici BD16 strain transformed by heat shock to express feruloyl-CoA synthetase
and the enoyl-CoA hydratase/aldolase genes from Amycolatopsis sp. was cultured in the
presence of ferulic acid [65]. When the culture conditions were optimized, 0.47 g/L of
vanillin was recovered from 0.21 g/L of ferulic acid per mg of the recombinant cell biomass.
Producing vanillin from expensive substrates such as ferulic acid has lower advantages
over simple and available substrates such as glucose and industrial waste. Chakraborty,
etal. [66] were able to recover 4.01 g/L of vanillin by culturing the recombinant P. acidilactici
BD16 strain in the presence of rice bran.
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In summary, prokaryotic microorganisms have been widely used for vanillin produc-
tion by metabolic engineering. E. coli seems to be the best platform so far because few
studies have mentioned the presence of vanillin degradation pathways in E. coli. Also, up
to 38.3 g/L of vanillin could be produced in the bacteria in a single step using isoeugenol
monooxygenase from Pseudomonas nitroreducens [inl, as shown in Appendix A—Table A1 [57].

However, the expression of vanillin biosynthesis enzymes from plants in prokaryotic
systems may, in some cases, result in poor enzyme stability or activity, requiring further
optimization to improve the protein folding and expression levels. This issue can po-
tentially be addressed by using eukaryotic expression systems, which typically possess
more advanced protein-folding mechanisms and post-translational modifications (PTMs),
thereby enhancing enzyme functionality and stability. Post-translational modifications
such as glycosylation are essential for the optimal activity of some eukaryotic enzymes,
affecting their folding, stability, and ability to interact with other molecules in the biosyn-
thetic pathway [67,68]. When these modifications are absent or insufficient, it can lead to
premature degradation of the enzymes, thereby reducing their activity and, consequently,
the amount of vanillin produced.

4.2. Engineering Eukaryotic Organisms for Vanillin Production

Eukaryotic organisms, used as expression systems for vanillin production, are mainly
yeasts and plant tissues.

4.2.1. Engineering Saccharomyces cerevisiae and Schizosaccharomyces pombe

S. cerevisiae is a yeast that is widely used in industry for the production of high-value-
added compounds due to its alcohol tolerance, well-elucidated genome, and fermentation
performance [69]. According to the Evolva project, Hansen, et al. [70] studied the ability of
the yeast strains S. cerevisiae and S. pombe to produce vanillin from glucose. In this study, the
vanillin biosynthetic pathway was constructed using the 3-dehydroshikimate dehydratase
genes from the ascomycete Podospora pauciseta, the carboxylic acid reductase from the
genus Nocardia, O-methyltransferase from Homo sapiens, and UDP-glycosyltransferase from
Arabidopsis thaliana (red arrows in Figure 5A). The efficiency of this pathway was achieved
by removing the alcohol dehydrogenase and the vanillin-3-D-glucosidase genes involved
in vanillin and vanillin-3-glucoside degradation [71]. Therefore, 0.065 and 0.045g/L of
vanillin were produced in S. cerevisiae and S. pombe, respectively, after 48 h of culture. Later,
the glycosylated vanillin produced was optimized by Brochado, et al. [72] based on an in
silico metabolic engineering algorithm. Indeed, this approach enables the identification of
target reactions in a metabolic network whose inactivation would lead to an improvement
in vanillin production. Bioinformatics analysis has thus identified pyruvate decarboxylase
and glutamate dehydrogenase genes in S. cerevisiae whose suppression is thought to be asso-
ciated with increased glycosyltransferase activity. The experimental analysis of four strains
with two single gene deletions in these genes in the same study showed that three of the
strains produced 1.5 times more glycosylated vanillin than the unmutated strains [72]. Plant
tissues are mainly composed of lignin, which is a raw material residue obtained from vari-
ous industrial bioprocesses. Due to its aliphatic and aromatic structures, it is a widely used
substrate in the flavor industry [73]. Similarly, Shen, et al. [74] tested the ability of the EMV-
8 strain of S. cerevisiae mutated with ethyl methane sulfonate to tolerate high concentrations
of vanillin during the lignin biotransformation processes. The use of ethyl methane sul-
fonate is an engineering strategy that increases the oxidoreductase activity and antioxidant
capacity of a microorganism. Such a mutation strategy enabled the EMV-8 strain to main-
tain a specific growth rate in the presence of 2 g/L of vanillin, in contrast to the reference
strain NAN-27, which could not grow in the same conditions because of vanillin cytotox-
icity [74]. To explain the redox mechanisms that allow the EMV-8 strain to tolerate high
concentrations of vanillin, Liang, et al. [75] identified the different genes expressed and their
implications in the mechanisms of vanillin tolerance in S. cerevisige. Thus, the metabolism
of the strain under investigation was characterized in a culture by the overexpression of the
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mRNA-binding aldo-keto reductase (Gcy1), its Yprl paralog, the peroxisome membrane re-
ceptor (Pex5), and the multiprotein complex involved in specific growth (Mbfl). However,
only the Gey1l and Ypr1 proteins showed vanillin reductase activities that are dependent on
NADPH and NADH [75]. To reproduce the de novo biosynthetic pathway of vanillin from
tyrosine in S. cerevisiae, Qiu, et al. [76] developed a recombinant yeast strain by cloning
five heterologous enzymes, namely tyrosine ammonia lyase (TAL) from the actinomycete
Saccharothrix espanaensis, the combination of three hydroxylase enzymes [(4-coumarate
3-hydroxylase (C3H) from Saccharothrix espanaensis, 4-hydroxyphenylacetate 3-hydroxylase
(4HPA3H) from Pseudomonas aeruginosa, and cytochrome P450 monooxygenase (CYP199A2)
from Rhodopseudomonas palustris)], caffeate O-methyltransferase (COMT) from Arabidopsis
thaliana, trans-feruloyl-CoA synthetase (FCS), and enoyl-CoA hydratase/aldolase (ECH)
from Streptomyces sp. (dark blue arrows in Figure 5C). By mutating the ARO4 and ARO7
genes, which encode 3-deoxy-D-arabino heptulosonate-7-phosphate synthase (DAHPS)
and chorismate mutase (CM), respectively, into others to limit the negative feedback of
tyrosine and increase its flux to vanillin, then by substituting the rate-limiting enzyme tyro-
sine ammonia lyase (sam8 gene) with 4-coumarate 3-hydroxylase (samb gene) to increase
the caffeic acid pool, these researchers were able to produce 0.008g/L of vanillin from
0.4 g/L of ferulic acid [76]. Most microorganisms lack the ability to accumulate aldehydes
due to the presence of endogenous dehydrogenases and reductases, which facilitate their
rapid metabolism and prevent their accumulation in the cells. To overcome this challenge
in the case of vanillin production in yeast, Mo and Yuan [20] Mo and Yuan [20] recently
developed a minimal aromatic aldehyde reduction (MARE) yeast platform for engineering
vanillin production from glucose. They first used a combinatorial gene deletion approach,
targeting the adh6, adh7, gre3, gcyl, ydl124w, yprl, aril, ydr541c, and aad3 genes, which are
critical for vanillin reduction and oxidation. Subsequently, they substituted the hfd1 gene
with ubiC to prevent vanillin oxidation and provide the precursor for ubiquinone synthesis,
thus enhancing vanillin accumulation while limiting vanillyl alcohol production. Building
upon this platform, they further optimized the co-factor supply (NADPH/SAM) and im-
plemented dual precursor synthesis pathways along with metabolic reconfiguration using
a phosphoketolase pathway (green arrows in Figure 5C). Through systematic engineering,
they achieved a significant milestone of producing 0.36g/L of vanillin, demonstrating the
potential of the MARE yeast platform for sustainable vanillin production. Similarly, Xin,
et al. [77] meticulously engineered Saccharomyces cerevisine BY4742, which carried deletions
in twenty-two genes associated with vanillin reduction and oxidation [78], to facilitate
the conversion of lignin-derived monomers into vanillin. They first reconstructed two
pathways separately: the CoA-independent pathway, expressing VpVAN from V. planifo-
lia, and the CoA-dependent non-f3-oxidation pathway, expressing 4CL from Petroselinum
crispum and Ech from Pseudomonas putida KT2440. In addition, they fused hpaC and hpaB
enzymes to enable the simultaneous hydroxylation of p-coumaric acid and p-hydroxy-
benzaldehyde into caffeic acid and protocatechualdehyde, respectively. Furthermore, they
regulated S-adenosylmethionine metabolism by expressing 3'-O-methyltransferase from
Arabidopsis thaliana (AtCOMT), Homo sapiens (HsCOMT), and Nicotiana tabacum (NtCOMT),
along with methylenetetrahydrofolate reductase from Arabidopsis thaliana. By also con-
trolling the branch and shikimic acid pathways, the microbial cell factory, employing the
CoA-dependent non-f3-oxidation pathway, successfully produced 0.29g/L of vanillin from
authentic lignocellulosic biomass hydrolysates [77].
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Figure 5. Biosynthesis pathways for vanillin and glycosylated vanillin production in Saccha-
romyces cerevisiae yeast [20,70,76,79]. (A) (Red arrows) represent the pathway proposed by Strucko,
Magdenoska and Mortensen [79] and Hansen, Moller, Kock, Biinner, Kristensen, Jensen, Okkels,
Olsen, Motawia and Hansen [70], while (B) (dark blue arrows) and (C) (green arrows) repre-
sent the pathways proposed by Qiu et al. (2022) and Mo and Yuan [20], respectively. Abbre-
viations. 3DHS: 3-dehydroshikimic acid; E4P: erythrose-4-phosphate; PCA: protocatechuic acid;
L-Tyr: 1 tyrosine; p-CA: p-coumaric acid; CA: caffeic acid; FA: ferulic acid; FC: feruloyl-CoA; 3,4-
DHBAad: 3,4-dihydroxybenzaldehyde; PAL: protocatechuic aldehyde and VAC: vanillic acid; HPP:
hydroxyphenylpyruvate; HMA: hydroxymandelate; DHMA: 3,4-dihydroxymandelate; DHGA: 3,4-
dihydroxyphenylglyoxylate; 3-DSD: 3-dehydroshikimate dehydratase; ACAR: aromatic carboxylic
acid reductase; EntD: phosphopantetheine transferase; HSOMT: O-methyltransferase (homo sapiens);
UGT: UDP-glycosyltransferase; TAL: tyrosine ammonia-lyase; C3H: 4-coumarate 3-hydroxylase;
4HPA3H: 4-hydroxyphenylacetate-3-hydroxylase; COMT: caffeate O-methyltransferase; FCS: trans-
feruloyl-CoA synthetase; ECH: enoyl-CoA hydratase/aldolase; HmaS: hydroxymandelate synthase;
HpaBC: flavin-dependent monooxygenase; HMO: hydroxymandelate oxidase; BFD: benzoylformate
decarboxylase; and VDH: vanillin dehydrogenase. The red cross materializes the suppression of
genes involved in vanillin oxidation and reduction.

4.2.2. Engineering Plant Tissues for the Production of Vanillin

Although most of the studies are limited to the production of vanillin in microor-
ganisms, a few have investigated plant tissues. Specifically, Chee, et al. [80] genetically
transformed the pepper (Capsicum frutescens) cells with the vanillin synthetase gene from
Vanilla planifolia (VpVAN) by microparticle bombardment. A high-performance liquid
chromatography (HPLC) analysis of the extracts from the transformant cells in a culture led
to the detection of 5.7 x 1073 g/L of vanillin, which was sixteen times higher than the con-
trol [80]. An amount of 0.54 g of vanillin per gram of fresh callus culture was also produced
from rice embryonic cells transformed by Agrobacterium to express the codon optimized
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sequence of vanillin synthetase [81]. However, it is important to note that the enzymatic
activity of this enzyme is subject to several controversies, and no kinetic parameters such
as catalytic activity (Kcat) and Michaelis constant (Km) have yet been reported [82,83]. The
progress of plant-tissue-culture-based vanillin synthesis has not been commercially viable
and has been hindered by factors such as long culture duration, low yields, and increased
by-product formation [3].

5. Current Challenges and Potential Strategies for Enhancing Microbial-Based Vanillin
Production Systems

Despite the notable progress in microbial-based vanillin production, several chal-
lenges remain. One of the primary hurdles involves the low conversion efficiency and
yield, largely due to the cytotoxicity of vanillin and its intermediates to host cells. This
toxicity often impairs cell growth and enzyme functionality, limiting production [84].
Indeed, vanillin concentrations exceeding 0.5-1 g/L have been shown to significantly
inhibit microbial growth, thereby reducing the final product [70]. Additionally, by-product
formation during the biosynthesis process complicates the downstream purification, re-
ducing the overall efficiency and increasing the production costs [50]. Another challenge
is the metabolic burden on microorganisms engineered for vanillin production. Complex
metabolic pathways, often involving multiple genetic modifications and CRISPR-Cas9 gene
knockouts, can reduce cellular fitness, leading to lower productivity [85]. This strain on
cellular resources often results in slower growth rates, decreased metabolic efficiency, and
suboptimal vanillin yields, further complicating the scaling of biotechnological vanillin
production for industrial applications. To address these challenges, potential strategies
include metabolic pathway optimization by fine-tuning the pathways through adaptive
laboratory evolution or optimizing the gene expression to enhance the flux toward vanillin
biosynthesis, balancing precursor availability, co-factor regeneration, and improving en-
zyme activity [20,77,84,86]. Another approach is tolerance engineering, where microbial
strains are engineered to increase their tolerance to vanillin and its intermediates, achieved
through the overexpression of efflux pumps or modification of cellular stress response
mechanisms to mitigate the cytotoxic effects of vanillin on microbial cells. Efflux pumps
actively transport vanillin and its toxic intermediates out of the cell, reducing the intra-
cellular concentrations and minimizing cellular damage [3]. Additionally, enhancing the
stress response pathways can bolster the cell’s ability to tolerate and recover from vanillin-
induced stress, leading to improved growth and productivity [75]. These strategies are
crucial for overcoming cytotoxicity, which is one of the major challenges in microbial-based
vanillin production [3,72,87]. Enzyme engineering, using rational or directed evolution-
based methods, can improve catalytic efficiency and reduce the formation of unwanted
by-products, thereby enhancing yield and purity [86,88]. Diversifying host systems by
exploring non-traditional microbial hosts, such as photosynthetic microalgae, presents a
promising alternative for vanillin production, potentially lowering costs and integrating
CO; fixation, which contributes to a more sustainable bioproduction platform.

6. Green Biology: Harnessing Microalgae as Natural Producers of Vanillin Precursors
and Promising Hosts for Biotechnological Vanillin Production

Metabolically engineered photosynthetic microorganisms, such as microalgae, can
offer several advantages as potential hosts for vanillin production. First, their ability
to perform photosynthesis allows them to utilize CO, as a carbon source, reducing the
reliance on external feedstocks and contributing to carbon sequestration [89,90]. This
makes the process more sustainable compared to non-photosynthetic microorganisms.
Additionally, microalgae can produce high-value precursors and metabolites relevant
to vanillin biosynthesis, potentially enhancing the overall yield. Moreover, it has been
documented that the cost associated with biotechnology production in microalgae is much
cheaper compared to animal cells and even lower than that of microbes and plants [91].
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6.1. Microalgae as Natural Producers of Vanillin Precursors

Microalgae, with their remarkable metabolic versatility, have developed intricate bio-
chemical pathways that enable them to produce a wide range of specialized metabolites,
including valuable phenolic compounds [92]. The biosynthesis of phenolic compounds
in microalgae is a complex and highly regulated process, involving several metabolic
pathways that enable the production of bioactive molecules that are essential for the sur-
vival and adaptation of microalgae to their environment [93,94]. This justifies the fact that
Phaeodactylum tricornutum was able to produce various vanillin precursors and metabolites,
such as coumaric acid, caffeic acid, ferulic acid, protocatechuic acid, gallic acid, and vanillic
acid, from in vitro cultures grown in natural seawater containing elevated levels of copper
(Cu) and iron (Fe) metals [93]. The presence of these metals likely enhanced the biosyn-
thetic pathways involved in the production of phenolic compounds, including those that
serve as precursors for vanillin synthesis. This demonstrates the potential of diatoms like
P. tricornutum as biotechnological platforms for producing valuable aromatic compounds
such as vanillin. Moreover, Bhuvana, et al. [95], using an HPLC method, detected peaks
corresponding to caffeic acid derivatives in methanolic extracts of Nannochloropsis oculata
and Chlorella vulgaris. Further, Haematococcus pluvialis was fed with vanillin precursors
such as ferulic acid, coniferyl aldehyde, and p-coumaric acid by Tripathi, et al. [96], re-
sulting in the production of vanillin (0.010 g/L), vanillyl alcohol (0.003 g/L), vanillic acid
(0.005 g/L), protocatechuic acid (0.001 g/L), and p-hydroxybenzoic acid (0.001 g/L) in free
and immobilized cell cultures. Together, these data provide compelling evidence for the
presence of the putative enzymes involved in the synthesis of vanillin, its precursors, and
metabolites in microalgae, as evaluated and outlined in the following Table 1. Indeed, we
identified potential homologs of vanillin biosynthetic enzymes in microalgae by comparing
the sequences to those already characterized in V. planifolia (VpVAN), Streptomyces sp. V-1
(FCS and ECH), and Pseudomonas nitroreducens Jinl (IEM). An immature VpVAN candidate
displaying the cathepsin propeptide inhibitor (I129), peptidase_C1, and granulin domains
was identified in the protein databases of various microalgae (Table 1). Additionally, a
putative FCS similar to long-chain fatty acyl-CoA synthetases was identified in these mi-
croalgae species. This protein contains domains such as the fatty acyl-CoA synthetase
domain, a dimer interface polypeptide, an acyl-activating enzyme (AAE) consensus mo-
tif, as well as AMP and CoA binding sites. Since the CoA-dependent non-f-oxidation
pathway involves both FCS and ECH, a putative ECH with a crotonase-like domain, a
substrate binding site, oxyanion hole (OAH)-forming residues, and a trimer interface
polypeptide binding site was also found. However, for the isoeugenol monooxygenase
pathway, only three of these microalgae species (C. reinhardtii, H. pluvialis, and C. vulgaris)
present a putative IEM, characterized by a retinal pigment epithelial membrane protein
domain. These putative proteins in microalgae could play roles similar to those in the
vanillin biosynthesis pathway in V. planifolia or in bacteria. Indeed, phenolic compounds
are primarily synthesized through the shikimic acid pathway, a biochemical route present
in most plants and microorganisms [97-99]. This pathway, which leads to the formation
of phenylpropanoid acid precursors like 1 phenylalanine, could serve as the upstream
mechanism for the biosynthesis of various vanillin precursors. The key enzyme typically
initiating phenolic compound biosynthesis is phenylalanine ammonia-lyase (PAL), which
catalyzes the deamination of | _phenylalanine to form cinnamic acid, a crucial precursor
of vanillin. However, recent studies have shown that not all microalgal taxa possess the
PAL enzyme [94]. This absence suggests that microalgae may utilize alternative path-
ways for phenolic compound biosynthesis, potentially opening up other routes for the
production of vanillin precursors via different enzymatic mechanisms. Such alternative
strategies highlight the metabolic diversity within microalgae, offering distinct advantages
for engineering approaches aimed at optimizing vanillin production.
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Table 1. Putative vanillin biosynthesis and degradation enzymes identified in microalgae.

Homologues of Conserved Target
Vanillin biosynthesis Domains Function Component Process Biochemical
Enzymes Database Mechanisms
214853, Enables Retro-aldol-tvpe
Putative Vanillin 425470, cysteine-type Extracellular space  Involved in protein reaction M
synthetase 239068, endopeptidase and lysosome catabolic process [4]
197621. activity
Catalyze the
. Enables ATP-dependent CoA-dep.end?nt
Putative Feruloyl-CoA . . non-B-oxidation
341284; acyl-activating NI acylation of fatty :
synthetase .. S reaction
enzyme activity acids in a two-step [100]
reaction
CoA-dependent
Putative Enoyl-CoA 474030 Enables enoyl-CoA Mitochondrion Involved in fatty non-f3-oxidation
Aldolase/hydratase 119339 hydratase activity acid beta-oxidation reaction
[100]
Putative Isoeugenol Enab.les carotenoid Involved in . Oxidative cleavage
442887 dioxygenase NI carotene catabolic
Monooxygenase o [101]
activity process

A BlastP was performed in NCBI using the vanillin synthase from Vanilla planifolia (GenBank: AKG47593.1);
feruloyl-CoA synthetase from Streptomyces sp. V-1 (GenBank: AGR34008.1); enoyl-CoA aldolase /hydratase from
Streptomyces sp. V-1 (GenBank: AGR34009.1), and isoeugenol monooxygenase from Pseudomonas nitroreducens Jinl
(GenBank: ACP17973.1) as queries in the protein databases of four microalgae species (C. reinhardtii, P. tricornutum,
H. pluvialis, and C. vulgaris). Homologous enzymes sharing the same active domain were found in these microalgae
species. CDD: Conserved Domains Database; NI: not identified.

6.2. Engineering and Modulation of Robust Microalgal-Based Vanillin Production Systems

The engineering of robust microalgal-based systems for vanillin production represents
a promising frontier in biotechnology, aimed at utilizing the metabolic flexibility of mi-
croalgae for sustainable vanillin biosynthesis. This development involves the integration
of advanced genetic engineering techniques to optimize the metabolic pathways respon-
sible for producing vanillin and its precursors. The key strategies include introducing or
enhancing the pathways involved in the synthesis of phenylpropanoid acids such as ferulic
acid, p-coumaric acid, and caffeic acid, which serve as essential precursors for vanillin
production [7]. Genetic engineering techniques, including the CRISPR-Cas9 and transgenic
approaches, are widely employed to modify the key enzymes and regulatory elements in
the microalgal genome [102,103]. These modifications may enable more precise control
of the metabolic flux toward vanillin production, minimizing the formation of unwanted
by-products while maximizing efficiency.

A significant challenge in engineering microalgae for vanillin production is the effi-
cient expression of heterologous genes within their complex cellular environment. Research
efforts have been undertaken to introduce vanillin biosynthesis pathways into microalgae
like P. tricornutum. In that case, the researchers attempted to propagate the full vanillin
biosynthesis pathway from V. planifolia into P. tricornutum through an episomal system, in-
corporating multiple key enzymes required for vanillin synthesis [104]. While the pathway
introduction was successful at the mRNA level, issues such as episomal instability and
difficulties in protein expression hindered the actual vanillin production [105]. Indeed, epi-
somal plasmids are commonly used in genetic engineering to introduce new pathways into
host cells without altering the cell’s native genome [106-108]. However, these plasmids can
be unstable, especially under prolonged culture conditions or selective pressures, leading
to the gradual loss of the plasmid from the cell population. To overcome these challenges,
researchers can explore strategies to improve the expression of heterologous genes, such
as optimizing the gene integration into stable genomic locations, enhancing the promoter
efficiency, and fine-tuning the expression systems [109,110]. Advances in algal synthetic bi-
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ology tools, including modular plasmid systems and improved transformation techniques,
are enabling more precise and efficient engineering of microalgae. Microalgae like C. rein-
hardtii offer a highly versatile platform for genetic manipulation, with extensive molecular
tools and mutant libraries available [111,112]. Both the chloroplast and nuclear genomes
of C. reinhardtii can be engineered to express vanillin biosynthesis enzymes, providing
flexibility in targeting specific metabolic compartments for efficient vanillin production.
Therefore, this approach enables the genetic modification of the nuclear genome (with
the genes encoding enzymes that require N-glycosylation for enhanced activity) or the
chloroplast genome (with the genes encoding enzymes that do not require N-glycosylation).
This facilitates the reconstruction of partial vanillin biosynthesis pathways from V. planifolia
or known bacterial pathways, ultimately leading to the development of industrial strains
of microalgae with high vanillin yields.

Furthermore, the integration of efficient downstream processing techniques is crit-
ical to developing robust microalgal vanillin production systems. The extraction and
purification of vanillin from microalgal biomass must be cost-effective and efficient to
maximize the yield. Innovative approaches, such as the use of biocompatible solvents,
microwave-assisted extraction, pulsed electric fields, supercritical fluids, crystallization,
and membrane-based separation technologies, are currently being explored to streamline
the recovery of vanillin from engineered microbial and plant-based vanillin production
systems [50]. These techniques can also be adapted to microalgae, further enhancing their
potential as a sustainable and scalable source of vanillin. By optimizing these extraction
methods, the industrial viability of microalgal-based vanillin production could be signif-
icantly improved, ensuring high-purity vanillin at reduced processing costs and energy
consumption. Ultimately, a vanillin-tolerant microalgae could be optimized for resistance
to redox products, enabling the accumulation of vanillin without undergoing reduction or
oxidation processes. Then, the optimized designed expression system carrying the vanillin
biosynthesis pathway described in V. planifolia or the bacterial pathway can be used to
engineer the nuclear and/or chloroplast genome of the tolerant microalgae. Finally, the
optimized transformants are then cultivated on a large scale to produce vanillin for the
cosmetics, food, and pharmaceutical industries.

7. Conclusions and Perspectives

This review has explored the potential of leveraging biotechnological advances to
engineer microbial, plant, and algal systems for sustainable vanillin production. As the
consumer demand for natural and eco-friendly ingredients grows, the biotechnological
synthesis of vanillin offers a promising alternative to the traditional methods reliant on
vanilla beans or petrochemical routes. We discussed and highlighted the production and
industrial application of vanillin by deciphering the current knowledge regarding the key
enzymes involved in vanillin biosynthesis. The insights gained from microbial and plant
systems have already established a foundation for understanding vanillin biosynthesis.
Advances in metabolic engineering have enabled the development of genetically modified
microbial strains capable of efficiently producing vanillin and its precursors, although
challenges such as yield optimization and pathway stability remain.

Microalgae have emerged as a promising platform for high-value molecule production
owing to their metabolic diversity and capacity for large-scale cultivation. This unique
biological system not only presents opportunities for vanillin biosynthesis but also of-
fers added environmental benefits, such as carbon dioxide capture. While substantial
progress has been achieved in the metabolic engineering of microalgae for the production
of high-value molecules, the full potential of microalgae for vanillin production is yet to
be realized. The complexity of heterologous gene expression in these systems remains
a critical challenge. Researchers must continue to refine the gene integration strategies,
enhance the promoter efficiency, and fine-tune the expression systems to ensure stable and
high-yield production. The scaling-up of vanillin production also poses challenges. Al-
though laboratory-level successes have demonstrated the feasibility of non-photosynthetic
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microorganism systems for vanillin production, scaling these systems for commercial ap-
plications will require further optimization of the growth conditions, bioreactor designs,
and downstream processing methods.

Looking ahead, several key areas will drive future research into biotechnological
vanillin production using microalgae. First, a deeper understanding of microalgal metabolism,
particularly in the context of vanillin biosynthesis, will enable more targeted and efficient
metabolic engineering. Exploring the evolutionary diversity of microalgal species could
uncover novel biosynthetic pathways and enzymes that further improve the efficiency and
yield of vanillin production. Second, the integration of omics technologies, including ge-
nomics, transcriptomics, proteomics, and metabolomics, will provide valuable insights into
the regulation of the vanillin biosynthesis pathways and the identification of bottlenecks
that limit production. Collaboration between academia and industry will be crucial to
accelerating the development of scalable, cost-effective production platforms. The growing
interest in bio-based vanillin from the food, cosmetics, pharmaceutical, and agrochemical
industries will drive investment in research and development. By addressing the challenges
of gene expression, pathway optimization, and process scalability, it is likely that microbial
and algal systems will become viable alternatives for sustainable vanillin production in the
near future.
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Abstract: The elderly population is growing worldwide. Non-steroidal anti-inflammatory drugs
(NSAIDs) are commonly prescribed, but their adverse events can pose significant risks. Different
NSAID molecules can exhibit varying risk profiles. This study aims to evaluate the cardiovascular,
gastrointestinal, and renal safety profiles of ibuprofen, naproxen, acemetacin, diclofenac, celecoxib,
and etoricoxib in elderly patients. A comprehensive literature search was conducted in PubMed and
Cochrane Library. For the selection of articles, we used Medical Subject Headings (MeSH) terms
“aged” sequentially and together with “ibuprofen”, “diclofenac”, “naproxen”, “acemetacin”, “cele-
coxib”, and “etoricoxib”. To assess the quality and interest of the articles, four independent reviewers
screened titles and abstracts to identify potentially eligible studies. Strength of Recommendation
Taxonomy (SORT) was used to rate the quality of individual studies and to establish recommendation
strengths (RS). From 2086 articles identified, 39 studies met the inclusion criteria. Twenty studies
analyzed cardiovascular safety, fourteen gastrointestinal safety, and four renal safety. When CV risk
is the main concern celecoxib or naproxen are a good first choice (RS B). In high GI risk addition of
PPI to naproxen or celecoxib use should be recommended (RS A). When renal function is on focus,
celecoxib remains as first line of therapy (RS A). Diclofenac in the geriatric population should be
avoided (RS B). Celecoxib is a good choice for elderly patients for whom it is difficult to direct pain
treatment based on a single known risk factor (RS B).

Keywords: elderly; anti-inflammatory agents; non-steroidal; pharmacology; clinical; physiological
effects of drugs

1. Introduction

Over the last decades, population aging has become evident, with a continuous
increase in the elderly population worldwide [1]. Europeans are living longer than ever
before. EU-27’s median age is projected to increase by 4.5 years over the next three decades,
reaching 48.2 years by 2050 [2]. Portugal shows the same tendency, with the population
aged 65 years or older representing 24% of the national population in 2023 [3].

Aging is a normal process, during which humans experience a decline in organic,
functional, and social status. This leads to enhanced vulnerability and increased risk of
various aging-related diseases that become more disabling, chronic, degenerative, and are
frequently associated with pain [4,5]. Geriatric patients present characteristics make them
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twice more likely to have adverse drug events [6]. This should be taken into account when
prescribing different drugs [7].

Chronic pain is one of the most common conditions encountered in clinical practice,
particularly in elderly patients, and is associated with substantial impairment, depression,
anxiety, and isolation [8]. As stated in the consensus-based definition by the International
Association for Hospice & Palliative Care, palliative care can be defined as “active holistic
care of individuals with serious health-related suffering due to severe illness, with aims to
improve the quality of life of patients, their families and their caregivers”. Many age-related
diseases lack curative treatments. Effective pain management in the elderly is critical to
improving these patients” quality of life, functional capacity, and performance status [9].
As such, pain treatment is a palliative measure.

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely prescribed for their anal-
gesic, anti-inflammatory, and antipyretic properties. NSAIDs exert their effects primarily
through inhibiting COX-1 and COX-2 enzymes, which play a crucial role in synthesiz-
ing prostaglandins and thromboxane. With pain and inflammation being common in
older adults, these drugs are frequently used and difficult to manage, attending to the
various morbidities that are common in this population [10]. In fact, NSAIDs are one of
the most commonly responsible medicines to cause adverse drug events, accounting for
approximately 11% of the preventable drug-related hospital admissions [6].

Side effects of NSAIDs are known and described in the literature, namely significant
risks concerning cardiovascular (CV), gastrointestinal (GI), and renal impairment [11]. Nev-
ertheless, different types of molecules are available, with pharmacokinetic characteristics
that can make them more or less suitable for each situation [5].

Naproxen is a reversible inhibitor of COX isozymes and has a higher potency for
COX-1 than COX-2. Ibuprofen inhibits COX-1 and COX-2 with comparable potency while
diclofenac and celecoxib have intermediate COX-2 selectivity. Etoricoxib is considered a
highly selective COX-2 inhibitor due to its greater potential for sparing COX-1 activity [12].
These affinity differences impact their potential for adverse effects: COX-1 is constitutively
present in the gastroduodenal mucosa and mediates its cytoprotection. Therefore, COX-1
inhibition entails greater risks of adverse GI effects. COX-2 plays an important role in the
regulation of renal function, is inducible, and is primarily involved in the inflammatory
response, being that its inhibition is associated with CV toxicity [13].

Naproxen, ibuprofen and diclofenac are three of the most used NSAIDs world-
wide [14]. According to INFARMED—National Authority for Medicines and Health
Products—celecoxib and etoricoxib are the selective cyclooxygenase-2 (COX-2) inhibitors
available in oral formulation in Portugal. Acemetacin showed promising results in terms
of safety profile due to its phase 2 hepatic biotransformation and less renal elimination [5].

Portuguese national clinical guidelines regarding the use of NSAIDs and COX-2
inhibitors identify naproxen as the NSAID of choice for patients with a high CV risk or
patients on secondary prevention. Selective COX-2 inhibitors are described as those with
the most negligible GI impact but greater CV risk. However, this document was last
updated in 2013 [15]. Both last recommendations from the International Association on
the Study of Pain (IASP) and the United Kingdom National Health System (NHS) suggest
starting with naproxen or ibuprofen plus proton pump inhibitor (PPI) in patients with CV
risk [16,17]. Nevertheless, a recent study suggests that the risk of GI, CV, and renal adverse
drug reactions is significantly reduced with the use of selective COX-2 inhibitors compared
to non-selective NSAIDs [18].

Understanding the safety profiles of these NSAIDs is crucial for guiding clinical
decision-making in the elderly, where balancing therapeutic benefits with potential risks
is paramount.

Bearing this in mind, the main purpose of this work is to perceive the CV, GI, and renal
safety profiles of ibuprofen, naproxen, acemetacin, diclofenac, celecoxib, and etoricoxib in
elderly patients. Therefore, we performed a systematic review aimed at systematizing the
available data about the safety profiles of these drugs to provide clinicians with evidence-
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based information regarding the preferred NSAID options for this population. The authors
intend to contribute to a more informed, patient-adapted choice, while minimizing potential
adverse events and increasing the efficiency of care.

2. Methods

A comprehensive literature search was conducted in PubMed and the Cochrane
Library. For the selection of articles, we used Medical Subject Headings (MeSH) terms
“aged” (A person 65 years of age or older) sequentially and together with “ibuprofen”,
“diclofenac”, “naproxen”, “acemetacin”, “celecoxib”, and “etoricoxib”, published from
January 2003 to January 2023.

Studies were included if they met the following criteria: participants were individuals
aged 65 years or older, or the study included a subgroup analysis focusing on the elderly.
Compared with non-use or placebo, the interventions involved using ibuprofen, naproxen,
acemetacin, diclofenac, celecoxib, or etoricoxib. The outcomes assessed, either as primary or
secondary, were renal, GI, and CV adverse events. We included meta-analyses, systematic
reviews, and original research articles reporting observational studies or randomized
controlled trials (RCTs).

Exclusion criteria were applied to studies in languages other than Portuguese or
English, studies focusing on pain in a surgical context, and studies using the selected
NSAIDs administered by routes other than oral.

To assess the quality and interest of the articles, four independent reviewers screened
titles and abstracts to identify potentially eligible studies. Full-text articles were retrieved
and assessed for eligibility based on the inclusion criteria and contributions with relevant
information to the aim of this review.

Strength of Recommendation Taxonomy (SORT) was used to rate the quality of in-
dividual studies and establish recommendation strengths [19]. In line with the defined
inclusion criteria on study design, only studies classified as level one and two were selected.
Level of evidence one means the study is a meta-analysis or a systematic review with
consistent findings or a high-quality randomized control trial. Level of evidence two means
the study is a meta-analysis or a systematic review of lower quality or clinical trials with
inconsistent findings, cohort study, or case-control study. Regarding the recommendation
strength, C is assigned to expert opinions, bench research, a consensus guideline, clinical
experience, usual practice, or a case series study; A is assigned to Cochrane reviews with a
clear recommendation, a clinical evidence rating of beneficial, consistent findings from at
least two good-quality randomized control trials or two good-quality diagnostic cohort
studies, or a systematic review /meta-analysis of same [19].

This review follows the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines for transparent reporting of systematic reviews [20].

3. Results

Overall, 3423 abstracts were obtained, 2308 from PubMed and 1115 from Cochrane
Library. After removing duplicates, a total of 2086 studies were screened. Of those,
1513 studies were excluded based on titles not meeting inclusion criteria. Of 469 abstracts,
233 were selected for full-length reading based on the potentially relevant results listed in
the abstract. One was not retrieved due to incapacity of access.

As shown in Figure 1, after full reading, a final group of 39 studies was reached and
those were included in this systematic review. Selection was based on a clear focus on
our study population, a comparison between drugs of interest or placebo, and with main
outcomes being CV, GI or renal safety.

Twenty studies analyzed CV safety (Table 1). One study considered CV and GI safety
simultaneously and fourteen considered GI safety only (Table 2). The remaining four
studies investigated the renal safety of the NSAIDs of interest (Table 3). There were no
studies about acemetacin safety that fulfilled the inclusion criteria.
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Figure 1. Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) protocols
used in this study.

Some of the final selected articles provide data supporting a higher CV and GI risk
in the elderly population. In the MEDAL program study, patients were randomized to
etoricoxib 60 or 90 mg or diclofenac 150 mg once daily [21]. In two different analyses of
the MEDAL program, Krum et al. aimed to assess the impact of these drugs on the risk of
congestive heart failure (CHF) and their hypertensive effects. Despite the used drugs, an
age of at least 65 was strongly associated with CHF hospitalization and increased blood
pressure [22,23].

In a cohort of patients taking either celecoxib or naproxen, the strongest predictor of
thrombotic cardiac events was an age of 65 years or older [24]. The same age group in
an RCT of patients taking celecoxib 200-400 mg bid showed higher absolute risk for CV
events [25].

Laine L. et al. identified age > 65 years as a significant predictor of discontinuation
of diclofenac or etoricoxib due to GI side effects [26]. Chan FK. et al. and Lai KC. et al.
found age as an independent risk factor for ulcer recurrence [27,28]. On the other hand,
Kyeremateng K. et al. and Hsiang KW. et al. did not find any difference in the overall
rate or type of adverse events between elderly and younger participants, did not find
age > 70 years to be a risk factor for symptomatic ulcers in patients taking the studied
NSAIDs [29,30].

In terms of CV safety, in the Solomon DH et al. study, naproxen showed a protective
effect against CV events, when compared to diclofenac and ibuprofen [31]. Schneeweiss S.
et al.’s results suggest an equivalent risk for acute myocardial infarction (AMI) between
ibuprofen and celecoxib, but a more favorable CV safety profile of naproxen compared to
celecoxib [32]. On the other hand, Lévesque LE et al. found a neutral effect of naproxen
on CV risk, same as celecoxib [33]. Likewise, Hudson M. et al. found no statistically
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significant differences between celecoxib, naproxen, and ibuprofen in the risk of CHF [34],
and Mamdani M. et al. found no statistically significant differences between celecoxib and
naproxen for AMI [35].

In turn, diclofenac demonstrated an increased risk of major adverse CV events when
compared to ibuprofen, naproxen, and non-use [36]. It also showed a higher risk for
thromboembolic events, namely stroke and venous thromboembolism [37,38].

CV risks of etoricoxib are comparable to those of diclofenac [21].

Evaluating GI safety, according to Schneeweiss S. et al. celecoxib produces a significant
reduction in GI complications compared with naproxen, diclofenac, and ibuprofen [32].
In spite of that, celecoxib, as all NSAIDs, does not appear to be free of risks, showing a
modest but still statistically significant risk of upper GI events as compared with non-use
as stated in Chang CH et al.’s work [39]. In RCTs, diclofenac showed a worst GI safety
profile when compared to celecoxib, even when added to PPI [40]. Etoricoxib may offer a
GI safety advantage over diclofenac [21].

Concerning renal safety, a single 50 mg daily dose of diclofenac demonstrates a
significant reduction in glomerular filtration rate, urine flow, and excretion rates of sodium
and potassium. Pre-treatment with diuretics and angiotensin-converting enzyme inhibitors
(drugs frequently used by elderly patients) exacerbated the renal impairment caused by
diclofenac [41]. Higher doses of NSAIDs were associated with a higher risk of acute kidney
failure (AKF). Both celecoxib and naproxen show a dose-dependent increase in the risk of
AKF. However, the risk increase is more pronounced with higher doses of naproxen [42].

Table 1. Main characteristics of the systemically reviewed studies on CV safety of NSAIDs on a

geriatric population.

References Year Study Design Populoatmn Studied Drug of Interest Main Findings in Population of SORT Evidence
n (%) (Dosage) Interest Level
. For elderly patients, the study
Overall = 34,701 Diclofenac (150 mg/day) -
Cannon CP- 5506 RCT >65y = 14,397 Etoricoxib (60 mg or suggests that the CV risk of 1
etal. [21] (41.5%) 90 mg/day) etoricoxib is comparable
o §/qay to diclofenac.
. . . Patients aged 65 or older showed
Bertagnolli Overall = 2035 Celecoxib (200 mg 2id or . .
MM et al. [25] 2009 RCT >65y = ND 400 mg bid) higher absolute risk for CV 1
events.
Krum H, 2009 RCT O>\/§5ra117:114é%965 Diclofenac (150 mg id) Older age increased the risk of 1
etal. [22] B (Zl_S"/ ), Etoricoxib (60 or 90 mg id) CHF hospitalization.
Krum H, 2009 RCT O\;e6r5a I - 3:;:)489 8 Diclofenac (150 mg id) Age at least 65 years was strongly 1
etal. [23] = ( 4%] 5_0/) Etoricoxib (60 or 90 mg id) associated with increased BP.
No significant differences in AMI
_ rates were observed between
Mamdani M 2003 Retrospective Cl/g;au__;;%?)é%%g Celecoxib (ND) celecoxib and naproxen. The 5
etal. [35] Cohort Study = (}1 600/ ) ’ Naproxen (ND) findings do not support a
° short-term reduced risk of AMI
with naproxen.
The study found no increased risk
Lév LE Retrospectiv Overall = 113,927 Celecoxib (<200 mg or among users of celecoxib,
© teslq1[1§3] 2005 Ce ho Fg: de >65y =113,927 >200 mg/day) regardless of the dose prescribed. 2
etak onort study (100%) Naproxen (ND) Naproxen was not associated with
an increased CV risk or benefit.
Trend toward an increase in the
rate of recurrent AMI with longer
. Overall = 18,503 duration of ibuprofen exposure.
};1:15 0[231}4 2005 Ezt}:gifggll;e >65y = 18,503 ll\llj;prr;))fgﬁ ((Egg Trend toward a lower rate of 2
: y (100%) p recurrent AMT in patients taking
naproxen and AAS compared to
AAS alone.
lovge;e;?)gl;g’ Naproxen shpwed a protective
hi effect against CV events,
igh > 200 mg -
_ particularly compared to
o Overall = 74,838 Ibuprofen, N
Solomon DH, 2006 Longitudinal 65 v = 74 838 Diclofenac and diclofenac and 2
etal. [31] CohortStudy =Y =% ibuprofen.Diclofenac was

(100%)

Naproxen (low < 75% of the
maximum
anti-inflammatory dosage,
high > 75%)

associated with a higher risk of
AMI, though not significantly
different for overall CV events.
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Table 1. Cont.

References Year Study Design Populoatlon Studied Drug of Interest Main Findings in Population of SORT Evidence
n (%) (Dosage) Interest Level
Lévesque LE Population-Based Overall = 113,927 The risk increase for first-time use
el 2006 P >65y =113,927 Celecoxib (ND) of celecoxib was not statistically 2
etal. [44] Cohort Study o L
(100%) significant.
Celecoxib (<200 mg/day vs.
>200 mg/day OR 400
Overall = 283,799 mg/day vs. >400 mg/day) Study suggests that celecoxib
Rahme E 2007 Retrospective ~65 —_283 '799 Diclofenac (<150 mg/day vs. does not confer a higher CV risk 5
et al. [45] Cohort Study = (}71600/ ) ’ >150 mg/day) and Ibuprofen compared to ibuprofen and
° (<1600 mg/day vs. diclofenac.
>1600 mg/day)
Celecoxib (<200 mg id and
>200 mg/day) Risks of recurrent CHF in patients
Overall = 42 560 Diclofenac (<100 mg id and exposed to naproxen, diclofenac,
Hudson M 2007 Case-Control ~65 . oy é 50 >100 mg/day) and ibuprofen were not 2
etal. [34] Study = (%1060/ )’ Ibuprofen (<1200 mg id and significantly different compared
° >1200 mg/day) with those of patients exposed to
Naproxen (<500 mg id and celecoxib at target doses.
>500 mg/day)
Celecoxib was associated with a
. . non-significant increase in the risk
Celecoxfai(if)g:;g)medlan of AMI or cerebrovascular
. Overall = 384,322 . accident compared to naproxen.
Abraham NS 2007 Retrospective >65y = 384,322 Ibuprofen (_1800 mg median Tbuprofen showed a slightly 5
etal. [46] Cohort Study o, daily dose) . .
(100%) N . higher risk of AMI compared to
aproxen (1000 mg median L
- naproxen but had a similar risk
daily dose) .
for cerebrovascular accident
compared to naproxen.
_ Celecoxib (ND)
Solomon DH, Retrospective Overall = 76,082 Diclofenac (ND) I_buprofen appegred tq confer an
2008 >65y =76,082 increased CVR in patients aged 2
etal. [47] Cohort Study (100%) Ibuprofen (ND) >80 :
° Naproxen (ND) =ovyears.
. . Overall = 80,826 . One of the strongest predictors of
C“;“;‘g[tz‘l‘]‘ M 2008 Cetrospective >65y = 39,048 llecoxib Eﬁg; AMI/ ischemic stroke risk was 2
: y (48.3%) P age >65 years.
Neither naproxen or celecoxib
. showed a significant association
M . Retrospective Overall = 138,774 Celecoxib (ND) with the risk of ischemic or
angoni AA, _ Diclofenac (ND) .
2010 Case-Control >65y =138,774 hemorrhagic stroke. Low to 2
etal. [48] o Ibuprofen (ND) .
Study (100%) Naproxen (ND) moderate use of ibuprofen and
aproxe diclofenac may be associated with
a reduced risk of ischemic stroke.
There was an increase in the risk
of AMI with increasing supplies
of the individual NSAIDs
naproxen and ibuprofen, but not
. _ Celecoxib (ND) for diclofenac.Analysis of the
Mangoni AA, Retrospective Overall: 138,774 Diclofenac (ND) individual NSAIDs showed a
2010 Case-Control >65y =138,774 . . 2
et al. [49] Stud (100%) Ibuprofen (ND) reduced risk of cardiac arrest
udy ° Naproxen (ND) associated with low exposure to
diclofenac and an increased risk
of arrhythmias associated with
moderate-high exposure to
naproxen.
Age-stratified analysis found that
Celecoxib (ND) patients >80 years of age had a
Schjerning 2011 Retrospective Overall = 83,677 Diclofenac (ND) higher risk of death during the 2
et al. [50] Cohort Study >65y=ND Ibuprofen (ND) first week of treatment when
Naproxen (ND) taking diclofenac compared to
younger patients.
B An increased risk of stroke was
Caughey GE, et 2011 Retrospective O>Vée;all:116622606655 Diclofenac (ND) observed with diclofenac. 2
al. [38] Cohort Study =6y = o Ibuprofen (ND) Ibuprofen was not associated with
(100%) - . .
ischemic or hemorrhagic stroke.
Among current users, risk of
_ Celecoxib (ND) venous thromboembolism was
Case-control Overall: 24,079 Diclofenac (ND) increased in diclofenac and
Lee T, et al. [37] 2016 >70y =15,435 . 2
Study (64.1%) Ibuprofen (ND) ibuprofen. However, such
e Naproxen (ND) association was not observed

among current naproxen users.
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Table 1. Cont.

References Year Study Design Populoatlon Studied Drug of Interest Main Findings in Population of SORT Evidence
n (%) (Dosage) Interest Level
The increased risk of major
. dverse CV events with
) Overall = 7,608,766 Diclofenac (ND) a Y even
SchmidtM, 5018 Emulated Trial >70 y = 779,250 Tbuprofen (ND) diclofenac initiation was 2
etal. [36] o consistent in the elderly
(10.2%) Naproxen (ND) -
subgroups compared to ibuprofen,
naproxen, and non-use.
AAS: Acetylsalicylic Acid; AMI: Acute myocardial infarction; BP: Blood Pressure; CHF: Cardiac Heart Fail-
ure; CI: Cardiovascular; OA: Osteoarthritis; ND: No Data; NSAID: Non-steroidal Anti-Inflammatory Drugs;
RCT: Randomized Controlled Trial.
Table 2. Main characteristics of the systemically reviewed studies on GI safety of NSAIDs on a
geriatric population.
. Population Studied Drugs of Interest Main Findings in Population of SORT
References Year Study Design n (%) (Dosage) Interest Evidence Level
Naproxen use was associated with a
. Overall = 186 N . N
Goldstein JL 2003 RCT >65y = 186 Naproxen (500 mg bid) significantly higher incidence ‘of 1
etal. [51] o gastroduodenal ulcers and erosions
(100%)
compared to placebo.
No significant treatment-by-subgroup
interaction was seen for ulcer risk
2004 RCT >65y =467 Ibuprofen (800 mg bid) . 1
etal. [52] o gastroduodenal ulcers and erosions
(30.7%) . . .
were significantly higher in the
ibuprofen group compared with
placebo group.
Chan FK 2004 RCT Overall = 287 Celecoxib (200 mg bid) Age > 75 years was an independent 1
etal. [27] >65y=ND Diclofenac (75 mg bid) riskfactor predicting ulcer recurrence.
Celecoxib was not inferior to
_ lansoprazole plus naproxen in
Lai KC 2005 RCT O;‘Er;n - ;?2 Celecoxib (200 mg/day) preventing GI ulcer complications, 1
etal. [28] =2y> Naproxen (750 mg/day) including those aged 65 or older. Age
(335%) X
65 years or more was an independent
risk factor for ulcer recurrence.
. . Overall = 34,701 . Older age was a significant predictor
w208 Jreshecie >65y=14396  poColNe (o080, forlower Gl dinical events, witha 1
’ (41.5%) Y 2-fold increase in risk.
_ Age > 65 years was a significant
Laine L e at. 2010 RCT O>v6esrall = 34,701 Diclofenac (150 mg/day) predictor of discontinuation due to
>65y = 14,227 clote " AISCO! 1
[26] o Etoricoxib (60 or 90 mg/day) dyspepsia, clinical events, and
(41.0%) :
complicated events.
Overa - 35 Age 265y s ssodaed it
Arber N >65y =29.7% (APC Celecoxib (200 mg/400 mg .
2012 RCT . o . . celecoxib and placebo groups. The 1
et al. [54] Study); 37.9% bid or 400 mg id) . L )
(PreSAP study) noninferiority of celecoxib to placebo
y was not established.
Celecoxib was associated with
. . ignificantly fewer clinically significant
Kellner HL Overall = 2446 Celecoxib (200 mg bid) sight
etal. [40] 2012 RCT >65 y = 2446 (100%) Diclofenac (75 mg bid) upper and lower Gl events compared 1
with diclofenac plus omeprazole in
patients aged >65 years.
_ The rate of reported GI AE was
Couto A 2018 RCT Overall =818 o, Naproxen (220 mg bid) comparable in the naproxen and 1
et al. [55] >65y =358 (43.7%)
placebo groups for all age groups.
In >65 years there was no difference in
the overall rate or type of AE
Retrospective _ Naproxen (440 mg/day) compared with younger participants.
Kyeier?a[t;gr}g K 2019  Pooled Analysis > 6(5)ve£a5114; (13469 i" %) Ibuprofen There were no significant differences 1
etat of RCTs =y= e (600-1200 mg/day) in overall adverse events between
naproxen, placebo or ibuprofen.
Elderly patients had a higher incidence
Biskupiak JE 2006 Retrospective Overall = 60,212 Ibuprofen (ND) of serious GI toxicities compared to 2
et al. [56] Cohort Study >65y =ND Naproxen (ND) younger adults both with naproxen

and ibuprofen.
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Table 2. Cont.

References Year

Study Design

Population
n (%)

Studied Drugs of Interest
(Dosage)

Main Findings in Population of
Interest

SORT
Evidence Level

Schneeweiss S

etal. [32] 2006

Population-Based
Cohort Study

Overall = 49,711
>65y=49,711
(100%)

Celecoxib (ND)
Diclofenac (ND) Naproxen
(ND) Ibuprofen (ND)

Celecoxib produces a significant
short-term reduction in GI
complications compared with all
nonselective NSAIDs combined.
Diclofenac appears to have the least
favorable safety profile among
individual NSAIDs. The risk of AMI
was significantly higher for diclofenac
compared to celecoxib, while
ibuprofen did not show a significant
difference in AMI risk when compared
to celecoxib. Naproxen may have a
more favorable CV safety profile
compared to celecoxib, indicated by
the lowest risk difference for MI
among the NSAIDs studied, although
this difference was not statistically
significant.

Hsiang KW

etal. [30] 2010

Prospective
Observational
Cohort Study

Overall =933

>70 y = 490 (49.3%)

Celecoxib (100-400 mg/day)
Etoricoxib (60 mg/day)

Age >60 or >70 years was not a risk
factor for symptomatic ulcers and
ulcer complications in COX-2 inhibitor
users. Use of COX-2 inhibitors was
well tolerated in regard to the upper
GI tract in patients aged >70 years.

Sostek MB

etal. [57] 2011

Open-label,
Multicenter,
Phase III Study

Overall = 239

>65y =78 (32.6%)

Naproxen (500 mg bid)

Twice-daily dosing with
naproxen/esomeprazole was not
associated with any new or
unexpected safety issues. Subgroup
analysis suggest that the safety profile
of naproxen/esomeprazole is similar
in <65 vs. >65 years old patients.

Chang CH

etal. [39] 2011

Case-Crossover
Study

Overall = 40,635
>65y =ND

Celecoxib (ND)

Celecoxib was associated with higher
risk of upper GI events vs. non-use.
Elderly were at higher risk for upper
GI adverse events.

AE: Adverse Events; CI: Cardiovascular; GI: Gastrointestinal; PPI: Proton Pump Inhibitors; OA: Osteoarthritis;
ND: No Data; NSAID: Non-steroidal Anti-Inflammatory Drugs; RCT: Randomized Controlled Trial; AMI: Acute
myocardial infarction.

Table 3. Main characteristics of the systemically reviewed studies on renal safety of NSAIDs on a

geriatric population.

References Year

Study Design

Population
n (%)

Studied Drug (Dosage)

Main Findings in Population of
Interest

SORT Evidence
Level

Juhlin T

etal. [41] 2004

RCT

Overall = 14
>65y = 14 (100%)

Diclofenac (50 mg id)

Diclofenac caused significant
reductions in GFR, urine flow, and
excretion rates of sodium and
potassium. Pre-treatment with
diuretics and ACE-inhibitors
exacerbated this impact.

Schneider V

etal. [42] 2006

Case-Control
Study

Overall = 121,722
>65y =121,722
(100%)

Celecoxib (low dose 200 mg
id // high dose >200 mg id)
Naproxen (low dose 750 mg
id // high dose >750 mg id)

Both celecoxib and naproxen
show a dose-dependent increase
in the risk of AKI. However, the
risk increase is more pronounced

with higher doses of naproxen.
The study suggests that celecoxib
is associated with a lower risk of

AKI compared to naproxen,

especially at lower doses.

Winkelmayer

WCetal 58] 2008

Retrospective
Cohort Study

Overall = 183,446
>65y = 183,446
(100%)

Celecoxib (ND)
Diclofenac (ND)
Naproxen (ND)
Ibuprofen (ND)

Ibuprofen seemed to have a
greater rate of AKI compared
with celecoxib.

Benson P

etal. [59] 2012

Prospective
observational
study

Opverall = 44
>65y =44 (100%)

Celecoxib (400 mg bid)

High-dose celecoxib was
relatively well-tolerated by
elderly patients, with stable renal
function and minor electrolyte
alterations.

ACE: Angiotensin-converting enzyme; AKI: Acute kidney injury; GFR: Glomerular filtration rate; ND: No Data;
NSAID: Non-steroidal anti-inflammatory drugs; RCT: Randomized controlled trial.
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4. Discussion

Recommendations about NSAID prescriptions are frequently based on COX selectivity,
but there are marked differences in each NSAID’s molecular and chemical properties, which
confer different pharmacological results [5].

Age is widely described in the literature as an important CV risk factor, with a high
prevalence of hypertension, ischemic heart disease, atrial fibrillation, and heart failure
(level of evidence 1). Reduced gastric and intestinal motility, decreased splanchnic blood
flow, impaired mucosal protective mechanisms and enzyme secretion, hypochlorhydria,
and mucosal atrophy are some of the age-related GI changes [60,61].

Our results show that older age acts as an independent CV risk factor and that the
elderly have a higher baseline risk for GI complications (level of evidence 2). Both can be
exacerbated by NSAID use. Even though two studies do not find age as a risk factor for
symptomatic peptic ulcer disease (PUD) [29,30], a manifestation of PUD in the elderly is
often atypical [60]. Also, these studies, like many others in this matter, did not account
for H. pylori infection, one of the most frequent causes of PUD [60], which might be an
important confounder.

Most existing orientations are targeted at the adult population and usually divide
recommendations into CV risk vs. GI risk to direct the choice of NSAID [15-17]. Neverthe-
less, the elderly frequently fulfill both risks plus the expected decline in kidney function,
making drug selection particularly challenging [5].

Both the United Kingdom NHS and IASP recommend starting with naproxen or
ibuprofen plus PPI [16,17]. IASP proposes low doses of celecoxib as an alternative option
in high CV risk patients [16].

In the results of this systematic review, two studies support the potential superiority
of naproxen in terms of CV risk [31,32]. When analyzing these publications, no statistical
significance is reached on one of them [32], and in the other, the doses of the drugs used
in the analysis are not clearly presented [31]. Other studies suggest a neutral impact of
naproxen in thromboembolic events [37,48]. Once again, these studies also do not clearly
present the doses used for each drug, which can be an important bias. Consequently, in
light of the results gathered in this systematic review, opting for first-line naproxen in the
elderly high CV risk population is not supported by scientific evidence (level of evidence
1). When comparing ibuprofen with naproxen, our results suggest a modest inferiority
of ibuprofen to naproxen based on two studies that document a higher risk for AMI and
venous thromboembolic events [37,46]. Therefore, ibuprofen should be considered as a
second-line therapy compared to naproxen in elderly patients with high CV risk (level of
evidence 1).

When celecoxib is only compared with naproxen, it shows no inferiority regarding
AMI, CHE, and cerebrovascular events risk [34,35,46,48]. Taking this into consideration, in
high CV risk elderly patients, in studies that compare one to another, celecoxib shows a
similar safety profile to naproxen (level of evidence 2).

It is important to acknowledge that all the mentioned studies are based on prescrip-
tion records, and lack direct measures of adherence, dosage, duration of treatment or
nonprescription NSAID use.

As previously mentioned, COX-2 inhibitors are designed to prevent GI issues, and
therefore, celecoxib is expected, right from the start, to show a better safety profile when it
comes to GI events. Despite this theoretical advantage, data from our review continue to
find that the use of celecoxib is not without harm, showing a modest risk of superior GI
effects when compared with placebo (level of evidence 2) [39].

However, when compared to diclofenac, naproxen, and ibuprofen, celecoxib showed a
better GI safety profile (level of evidence 2), including greater safety compared to diclofenac
in combination with PPIs [32,40]. When compared only with naproxen plus lansoprazole,
celecoxib alone was not inferior in preventing GI ulcer complications [28]. Regarding the
use of naproxen alone, it was associated with a significantly higher incidence of gastroduo-
denal ulcers and erosions compared to placebo (level of evidence 1). Consequently, in light
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of the results gathered in this systematic review, we consider that celecoxib has a better GI
safety profile (level of evidence 2), followed by naproxen plus PPI (level of evidence 2).

Celecoxib demonstrates a better safety profile when compared with naproxen and
ibuprofen (level of evidence 2).

A study comparing naproxen and celecoxib concluded that both show a dose-dependent
increase in the risk of AKEF. Still, the risk increase was more pronounced with higher doses
of naproxen [42]. Celecoxib also had a lower rate of AKF compared to ibuprofen [58].

When celecoxib was compared with placebo, it showed a stable renal function and
minor electrolyte alterations [59].

All these studies advocate for a better safety profile for celecoxib (level of evidence 1).

Acemetacin was one of the drugs this systematic review intended to study. A promis-
ing safety profile was expected due to its specific pharmacokinetic characteristics. Being
a prodrug and bearing a weak reduction of prostaglandin synthesis might reduce the
damage of the GI mucosa [62] (level of evidence 3). Of all the drugs included in our study,
acemetacin has the lowest renal excretion, which may be better suited for the elderly with
compromised renal function [5] (level of evidence 3). Despite its theoretical potential, no
papers were identified that evaluated its use in the elderly.

Diclofenac presents a lower renal excretion compared with most NSAIDs and a phase
2 liver biotransformation, making it theoretically a good choice for elderly patients [5].
Nevertheless, IASP and NHS advise against the use of diclofenac in high CV risk pa-
tients [16,17]. In our findings, diclofenac showed an overall poorer CV safety profile
compared to naproxen and ibuprofen (level of evidence 2). Diclofenac also showed a worse
Gl safety profile when compared to celecoxib, even when added to PPI (level of evidence
2) [32,40]. Additionally, a single low dose of 50 mg daily had a significant impact on renal
function (level of evidence 2) [41].

Findings on etoricoxib were also very scarce. Of the studies retrieved in this systematic
review, the MEDAL trial was the only one that allowed comparison between this drug and
the other NSAIDs studied [21]. It suggests that the cardiovascular risks of etoricoxib are
comparable to those of diclofenac (level of evidence 2), which, as discussed above, showed
a poorer CV safety profile.

A prior pharmacovigilance and literature review study [18] concluded that the risk
of GI, CV, and renal adverse drug reactions was significantly lower with the use of se-
lective COX-2 inhibitors compared to non-selective NSAIDs. Although this is one of
the populations with higher needs and prescriptions for NSAIDs, few studies focus on
geriatric patients.

Our study has some limitations. The search was limited to certain databases, which
might have excluded relevant studies that were not indexed. A global assessment of
the results obtained leads us to reflect on their heterogeneity. The multiplicity of study
types, drug comparisons, doses, and treatment periods limit the achievement of solid
recommendations. Also, the determination of the strength of recommendations is affected
by inherent subjectivity.

5. Conclusions

When CV risk is the main concern, according to our findings, celecoxib or naproxen
are a suitable choice (recommendation strength B). Acemetacin can be considered (rec-
ommendation strength C). Etoricoxib and diclofenac should be avoided in these patients
(recommendation strength B).

Regarding the Gl safety profile, celecoxib remains the first-line choice, as does naproxen
plus PPI (recommendation strength B).

When renal function is in focus, celecoxib remains the first-line therapy (recommenda-
tion strength A). Naproxen can be considered a second-line therapy in these patients (rec-
ommendation strength B). Acemetacin can also be considered (recommendation strength C).
Ibuprofen and diclofenac should be used with caution in these patients (recommendation
strength B).
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These results will assist in making tailored treatment decisions for patients, reducing
the risk of adverse events, and enhancing care efficiency.
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Abstract: Proteins are structurally and functionally diverse biomacromolecules that serve
a variety of essential activities to ensure complex biological homeostasis. The desire to
elucidate and enhance these biological functions has been at the forefront of research for
many decades. However, generating active proteins via recombinant expression or through
chemical total synthesis each has limitations in terms of yield and functionality. Nature
has provided a solution to this problem through evolving protein ligases that catalyze the
formation of amide bonds between peptides/proteins, which can be exploited by protein
engineers to develop robust functional proteins. Here, we summarize the biochemical
mechanisms and applications of multiple cysteine-based protein ligases, especially focusing
on how they have been utilized for protein therapeutics and engineering, as well as how
they inspired chemists to develop efficient methodologies for protein synthesis (e.g., native
chemical ligation).

Keywords: protein ligase; peptide/protein synthesis; protein engineering; protein therapy;
synthetic biology

1. Introduction

Proteins are responsible for a wide range of biological functions in cells, acting as
enzymes, transporters, signaling molecules, etc. There is a structure-function relationship
that exists within proteins, meaning specific amino acids or post-translational modifications
(PTMs) can alter the behavior of proteins and exert various biological impacts [1]. Therefore,
decades of research have gone into elucidating their structures and functions and utilizing
this information to develop more robust biomolecules and introduce them as therapeutic
options. Protein/peptide-based therapeutics is currently a multi-billion-dollar industry
that has produced life-saving treatments for diverse diseases like diabetes and cancer;
however, the production of these proteins often requires synthetic techniques that have
inherent limitations [2,3].

The introduction of recombinant protein expression in E. coli, starting in 1982, has been
revolutionary in the production of proteins with desirable qualities, which soon became the
major method for producing recombinant proteins in large quantities [3,4]. The alteration of
amino acid sequences to modify protein structures has led to the synthesis of recombinant
proteins that have increased pharmacokinetic properties, stability, activity, etc. [5]. However,
a major limitation of bacterial expression is the unavailability of PTMs found in more
complex eukaryotic systems which are vital for fully functional proteins. Many proteins
require PTMs for proper folding, so, oftentimes, recombinant bacterial expression leads to
low yields or dysfunctional eukaryotic proteins. The development of protein expression
approaches using insect or mammalian cells can overcome this drawback and successfully
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introduce diverse PTMs onto the proteins of interest. Even though the PTMs are available,
it is still very difficult to have precise control over site-specific modifications, which can be
critical to elucidate specific PTMs on biological activity [6-8]. Therefore, the addition of
site-specific PTMs can require the use of chemical protein/peptide synthesis.

Chemical synthesis via solid-phase peptide synthesis (SPPS) has allowed for the
generation of peptides carrying site-specific PTMs, which represents an advantage over
recombinant expression. Although SPPS has been optimized for faster production and
simpler purification of peptides, the generation of large peptides/proteins presents a major
challenge for this technique. Every amino acid coupling causes the overall yield to take a
hit, so SPPS is currently limited to linear peptides containing ~40-50 amino acids [8,9]. To
combat the size limitation of SPPS and PTM control issues found in recombinant expression,
researchers have turned to the use of ligation reactions. Both chemical and enzymatic, these
reactions allow for the fusing of peptides/proteins to incorporate exogenous functional
groups or improve their structure—function relationship, without causing any side effects
(e.g., denaturing the protein structures). Moreover, these ligation approaches enable
the preparation of proteins/peptides that contain non-canonical structures (e.g., D- and
-amino acids) and unnatural post-translational modifications.

In this review, we will discuss nature’s gift to the field of protein synthesis and
engineering through the availability of protein ligases that catalyze these ligation reactions
both in vitro and in vivo. Although isolated from different hosts and require different
recognition sequences, the protein ligases outlined here all proceed via a catalytic cysteine
residue. The resulting thioester generated between the enzyme and peptide/protein
substrate can be intercepted by an incoming primary amine of another peptide/protein
donor to complete the ligation reaction. These cysteine-based protein ligases have been
extensively optimized and proven to be powerful tools to produce therapeutic options and
facilitate the incorporation of unnatural amino acids into proteins. In a similar catalytic
manner, nature has also provided the cysteine-based mechanism of intein splicing, which
potentially serves as the inspiration for chemical ligation methods, thus demonstrating the
breadth of opportunities enzymatic protein ligation has given to the research world.

2. Sortase A
2.1. Mechanism and Engineering

Sortase A (SrtA) is a transpeptidase enzyme that is originally found in the cell wall
of Staphylococcus aureus and naturally functions to anchor proteins to the cell wall [10-13].
This enzyme was discovered in 1999 by the Schneewind lab, which allowed for extensive
study into its mechanism of action as a protein ligase [14,15]. Sortase A recognizes the
sequence LPXTG and its catalytic cysteine residue acts a nucleophile to attack the carbonyl
group of the amide bond between threonine (T) and glycine (G) [10,11]. This forms a
thioacyl intermediate between sortase A and threonine and releases a C-terminal glycine.
The enzyme then catalyzes the ligation between a primary amine donor on an N-terminal
glycine to the LPXT-SrtA complex. Due to its nucleophilicity, the amine group attacks the
carbonyl group of the thioacyl intermediate to release sortase A and ligates the two peptides
through the formation of a new amide bond (Figure 1A). Seeing as though the primary
amine donor must be on a glycine residue which is identical to the product released in the
first step of catalysis, this ligation reaction is reversible. In addition, wild-type sortase A is
Ca®*-dependent and has low catalytic efficiency, which requires a high enzyme to substrate
concentration and thus limits its applicability for enzymatic protein ligation.

177



BioChem 2025, 5, 11

(A)

‘- o HoN=G(n)—_R; |
| 2! 3
(R ipxro &, | ﬁ I ‘f' Ry FLextem = R, |

H,N-G

NIDHV N/D S HaN=—X4X; = Any amino acid except P, D, and E
XZ—I,L,V, orC

H,N=—HV
_N/D_X1X2 Intermolecular ligation
HS—Butelase-1

(€) HS OaAEP1
Intramolecular cyclization
N—X;X;
o}
HS— OaAEP1

= Any amino acid except P

|
)\ OaAEP1 HoN=—X, X
N-2.2 s 2 1X2
124—TN X2—I,L,V,orC
[Ry_FN—xX,

(B) HS Butelase-1
Intramolecular cyclization
0 % N
Butelase-1

HzN_Z122
Intermolecular ligation

Z, = Any amino acid except P

Z,=F, I,L,M,orW OaAEP1

Figure 1. Enzymatic peptide/protein ligation to produce native peptide/protein backbones.
(A) Sortase A recognizes an LPXTG sequence and attacks the carbonyl group between T and G
via its catalytic cysteine. This produces a thioester intermediate that can be intercepted by a pri-
mary amine on G to undergo an aminolysis reaction. R; and R, are peptide or protein sequences.
(B) Butelase-1 recognizes an N/DHV sequence and attacks via its catalytic cysteine to produce a
thioester with N/D. Butelase-1 can catalyze either a reversible intermolecular ligation or irreversible
intramolecular cyclization with a primary amine. R; is a peptide or protein sequence. X; can be any
amino acid except P, D, and E. X, can be amino acids I, L, V, or C. (C) OaAEP1 recognizes an NZ; 7,
sequence, where Z; is any amino acid except for P and Z; can be amino acids F, I, L, M, or W. OaAEP1
can catalyze either intermolecular ligation or intramolecular cyclization with a primary amine via its
catalytic cysteine residue. X; can be any amino acid except P. X; can be amino acids I, L, V, or C.

Since its initial application in enzymatic protein ligation, sortase A has been engi-
neered to enhance its efficiency. Sortase A isolated from S. aureus has several setbacks,
including Ca?* dependency and low catalytic efficiency, which required optimization for
ideal use [16,17]. To improve its catalytic efficiency, the 94R/D160N/D165A /K190E /K196 T
pentamutant of native sortase A, also known as eSrt, was developed by Chen et al. in
2015 [16,18]. Compared to the wild-type SrtA, eSrt has a 120-fold increased catalytic effi-
ciency for LPETG coupling with a polyglycine peptide donor [18]. The catalytic efficiency
of eSrt then allows for the usage of this enzyme with limited amounts of glycine substrate,
which was a previous limitation for the wild-type enzyme [18]. Further improvements
have been made to eSrt to eliminate the Ca?" dependency that remained with this mutant.
Hirakawa et al. identified two mutations, E105K and E108A, in the Ca%* binding site
that allowed sortase to have enzymatic function in the absence of CaZ* [19]. However,
these double mutations alone were not sufficient enough to promote ligation as they de-
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creased the enzyme’s catalytic turnover rate [19]. This led to the successful development
of the P94R/E105K/E108A /D160N/D165A /K190E/K196T heptamutant, which exhibits
increased catalytic efficiency and Ca?* independence compared to the wild type [19,20].

Sortase A has a fairly tight specificity as it requires the recognition sequence of LPXTG;
therefore, studies have engineered the enzyme to reprogram and broaden its specificity.
The F40 sortase mutant was developed via phage display and contains mutations at
the T164 and V168-Q172 residues [21,22]. Several amino acids with small side chains,
specifically alanine, are recognized by the F40 sortase, thus enhancing its promiscuity [21].
The sequence APXTG showed preferential coupling over LPXTG, which is significant
as this sequence is endogenously found in histone H3 [21,22]. Unfortunately, the F40
sortase remains Ca”*-dependent and exhibits slow kinetics, resulting in limitations to
its application for enzymatic protein ligation [21-23]. Other studies have focused on
reprogramming the eSrt mutant to maintain its catalytic efficiency while broadening its
substrate specificity to recognize both LAXTG and LPXSG substrates [13,24].

2.2. Applications
2.2.1. Histone Modification In Vitro and In Cellulo

Sortase A has demonstrated, both in vitro and in cellulo, the capability of modifying
the N-terminal tails of histone H3 [22,23]. The natural amino acid sequence of histone
H3 tail includes the short sequence APATGG, which allows for the use of engineered
F40 sortase [21,23]. To introduce scarless H3 tails in vitro, the F40 sortase was further
mutated to cW11 sortase, which possesses the additional mutations at D160, K190, and
K196 [22]. The feature that makes cW11 sortase most distinct is that its backbone is cyclized,
as this significantly enhances the stability of the enzyme [22,25]. c¢W11 sortase is able to
modify H3 in several ways, one of those being the ability to ligate N-terminal tails and
install PTMs onto H3 tailless nucleosomes [22]. The expression of tailless H3 and addition
of difficult PTMs, such as ubiquitination, by cW11 sortase accelerate assays examining
nucleosome enzymatic and binding activities [22,26,27]. In addition to introducing full
tails, (W11 sortase can also produce asymmetrically ligated H3 tails, allowing one to study
the effects of site-specific PTMs in various combinations [22]. Ligation is only part of
the enzymatic function of cW11 sortase, as it can also cleave H3 tails at the recognition
sequence [22]. This allows for the isolation and characterization of H3 tails after treatment
with various “reader” proteins and “writer” enzymes to quantify their effects on histone
modifications [22]. Collectively, the applicability of c(W11 sortase to modify histone H3
allows for the introduction, modification, and isolation of H3’s modified N-terminal tails.

Sortase A has also been used for the semisynthesis of histones H2B and H4 in vitro to
investigate the mechanism of histone deacetylation by sirtuins and histone deacetylases
(HDACS) [28,29]. The N-terminal tail on histone H2B contains the sequence HPDTG,
which exhibits similarities to the recognition sequence LPXTG. To accommodate these
sequence changes, Wang et al. developed W4 sortase by the site-specific mutagenesis of F40
sortase [28]. The full-length semisynthesis of H2B with site-specific N-terminal acetylation
was catalyzed by W4 sortase, and these versions of histone H2B were incorporated into the
recombinant nucleosome core particles [28]. Histone H4 also contains a sequence similar to
LPXTG, i.e., LARRGG, so Xiao et al. hypothesized that semisynthetic H4 could be produced
by sortase-mediated ligation (SML) with eSrt(2A-9) [29]. Although the substitution of
alanine (A) at the P2 position was tolerated by eSrt(2A-9), the variant was incapable of
tolerating arginine (R) at the P4 position, so the endogenous H4 sequence was modified to
LARCGG since cysteine can be converted to an arginine analog [29]. The semisynthesis of
histone H2B and H4 by sortase variants allowed both studies to probe the selectivity and
kinetics of HDACs and sirtuins for specific acetylated residues [28,29].
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The modification of histone H3 has been further expanded from in vitro to in cellulo
through the use of SrtA for sortase-mediated metathesis (SMM) (Figure 2) [23]. Truncated
histone H3 was synthetically produced with an LPATGG recognition sequence for 6M-Srt
to cleave between T and G, and thus produce an x-amine glycine substrate [23]. To expand
the substrate scope, a peptide also carrying the LPATGG sequence was introduced so
that it could also be recognized by sortase A and provide the LPAT sequence needed for
ligation [23]. This allows for the addition of a cell-penetrating peptide (CPP) for in cellulo
delivery and «-amine glycine on histone H3, which is lacking the endogenous tail [23]. The
use of SMM allows for the delivery of histone H3 tails with site-specific modifications such
as PTMs to study their impact on epigenetics in live cells [23].
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Figure 2. Sortase-mediated metathesis (SMM) of histone N-terminal tails. The histone H3 N-
terminal tail has been engineered with an LPATGG recognition motif for sortase A to deliver site

specific post-translational modifications (PTMs) or small molecules. Control over the delivery of
these modifications allows for the study of their biological implications and therapeutic applications.

2.2.2. Protein Engineering Through “Sortagging”

Protein ligation using sortase A creates proteins with terminal modifications; however,
the combined use of sortase A and click chemistry allows for N-to-N and C-to-C fused
peptides/proteins [30,31]. Click chemistry is a highly chemoselective reaction between
two functional groups, such as azide and alkyne, which can be utilized for bio-orthogonal
transformations [32,33]. Ploegh et al. in 2011 demonstrated the combination of SrtA-
mediated ligation with click chemistry, coined as “sortagging”, using ubiquitin as the
model protein [31]. Specifically, peptides with the recognition sequence LPETGG were
synthesized with either an azide or cyclooctyne click handle [31]. N-terminal glycine on
ubiquitin acted as the substrate for the SML reaction for each peptide; as a result, the
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incubation of both peptides produced a click reaction that formed a ubiquitin dimer [31].
Given that the click handles were present on the N-terminus of each peptide, the resulting
ubiquitin dimer was an N-to-N fused protein [31]. This was extended to the production of
C-to-C fused anti-GFP VHH antibody dimers, which were converted with a ~90% success
rate and maintained their functionality [31]. This demonstrates the ability of “sortagging”
to produce protein dimers that retain the identity of either the N- or C-terminus that is
critical for function.

To improve the efficacy of cancer immunotherapy treatments, “sortagging” has been
employed for the utilization of cytotoxic T lymphocytes (CTLs) that employ apoptosis
to eliminate targeted cells [34,35]. He et al. set out to track CTL interaction with tumors
from 4T1, a breast cancer cell line, by first utilizing click chemistry to attach the sortase A
recognition sequence to each partner [34]. A thiol-maleimide click reaction was applied to
attach sortase A to the CTL and a SPAAC reaction utilizing azide and dibenzocyclooctyne
(DBCO) handles affixed an N-terminal polyglycine substrate to the tumor cell [34]. The
introduction of a 5-Tamra-LPETG peptide provided the substrate for SML between sortase
A on a CTL and the x-amine glycine donor from the tumor cell [34]. The resulting product
of this ligation reaction is a fluorescently labeled tumor cell, thus allowing the tracking of
CTL and tumor cell interactions in vivo [34]. To further validate this model, the authors
were able to incubate this system with antitumor therapeutics, pexidartinib and cisplatin,
to track their interaction with the tumor microenvironment (TME) [34]. This represents a
more robust approach toward monitoring the TME, which will help in optimizing clinical
immunotherapy treatments with CTLs.

2.2.3. Bacterial Cell Wall Engineering

Owing to the native environment of sortase A, it has been utilized in modifying cell
wall proteins in S. aureus [36]. Various cell surface proteins in S. aureus express the LPETG
recognition sequence for sortase A, allowing for the engineering of these proteins to contain
small molecules such as fluorophores, biotin, etc. [36]. Nelson et al. were the first to demon-
strate surface cell engineering in bacteria by tracking fluorescent labeling and biotinylation
of cell wall extracts via epifluorescence microscopy and MALDI-TOF MS, respectively [36].
These authors were also the first to introduce “sortagging” in S. aureus [36]. Through the
utilization of an N-terminal azide group on an LPETG peptide and fluorophore-containing
cyclooctyne probe, a [3 + 2] cycloaddition linked the fluorophore to the sortase A substrate.
SML between the LPETG peptide and S. aureus cell wall proteins produced fluorescently
labeled proteins that could be analyzed using epifluorescence microscopy [36]. This opens
the horizon for the highly specific introduction of small molecules and engineering of
bacterial proteins through “sortagging”.

Sortase A-mediated labeling in S. aureus has also been employed to attach photosensi-
tizers to peptidoglycan [37]. An eosin photosensitizer was delivered on an LPETG peptide
that binds to vancomycin, a glycopeptide antibiotic that binds to the D-Ala-D-Ala motif
on the cell wall of S. aureus [37]. Sortase A then cleaves LPET with the photosensitizer to
ligate it onto a peptidoglycan that can then be photoinduced to produce reactive oxygen
species (ROS) and kill the bacterial cells [37]. SML then provides a potential mechanism
to therapeutically target S. aureus as it is found in a variety of human afflictions including
pneumonia and toxic shock syndrome [38,39].

3. Butelase
3.1. Mechanism and Engineering

Butelase-1 is an asparaginyl endopeptidase (AEP) isolated from the tropical plant
Clitoria ternatea (C. ternatea) [40,41]. This ligase recognizes the motif Asn/Asp(Asx)-His-Val
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on a peptide and its catalytic cysteine residue acts as a nucleophile to produce an N-to-S
acyl shift at the Asx carbonyl group [41-43], as a result forming a thioester intermediate
between butelase-1 and Asx while releasing the His-Val dipeptide [42]. The thioester
intermediate then undergoes an S-to-N acyl shift triggered by a nucleophilic N-terminal
amine group to produce the ligated product [42]. This N-terminal amine group can either
come from an incoming peptide in a reversible intermolecular reaction or N-terminus of
the Asx peptide for an irreversible intramolecular reaction (Figure 1B) [42,44]. Therefore,
one of the most impressive applications of butelase-1 is its ability to cyclize peptides with
high efficiency as it has this native cyclase activity [40]. The first study to isolate and
characterize butelase-1 demonstrated cyclization yields of over 95% for peptides with high
catalytic efficiency; in addition, butelase-1 has demonstrated a 100-fold decrease in enzyme
concentration needed for cyclization compared to sortase A [40-42].

Despite its successful applications as a peptide ligase and cyclase, the utilization of
butelase-1 has been hindered by its difficult isolation from its native plant source and
challenging recombinant expression in bacteria. Traditionally, butelase-1 has been isolated
from the pods of C. ternatea and purified in a four-step process with a low yield of 5 mg kg !
of the plant [45-47]. Examination of several parts of C. ternatea by Tam et al. revealed
that butelase-1 extracted from shoots not only had higher ligation efficiency but was also
able to be purified in a three-step process with a three-fold-greater yield than previously
reported [45]. Extensive research has gone into improving the recombinant expression of
butelase-1 in bacteria, mainly focusing on the promotion of disulfide bonds and improving
its zymogen activation [45,48]. Advances in the recombinant expression of butelase-1 have
found success through the employment of Rosetta-gami B (DE3) and SHuffle T7, two strains
of E. coli that have mutated trxB and gor genes [46,48]. The mutation of these genes for
reductase proteins may help facilitate the folding of butelase-1 as it naturally contains three
disulfide bonds in its fully folded form [46,48]. AEPs found in plants are synthesized as
zymogens which undergo irreversible autocleavage of their prodomains in acidic conditions
to become active [49]. Several studies have worked to improve the activation of butelase-1
zymogen both in vitro and in vivo, which has led to the development of the engineered
variant butelase AY [46,49,50]. Butelase AY contains mutations V237A and T238Y, which
decrease the precipitation of the enzyme during its activation step compared to the WT and
in turn improve its ligation efficiency and recombinant expression in E. coli RIL cells [50].

3.2. Applications

The Tam lab introduced the idea of unnatural amino acid incorporation using butelase-
1 by demonstrating its ability to cyclize D-amino-acid-containing peptides [47,51]. As
long as the Asx residue at the P1 position remained in the L form, butelase-1 was able to
tolerate the majority of D-amino acids in the P1"" and P2 positions [47]. The cyclization
of bioactive peptides, such as D-0-defensin, although distinctly slower than the L form,
was successful and displayed antimicrobial activity against several bacterial strains [47].
The ability of butelase-1 to incorporate unnatural amino acids has been further explored
with the engineered variant of the enzyme, butelase AY [50]. At the second position on the
acceptor peptide, the unnatural amino acids methyl alanine (MetAla), 2-aminoisobutyric
acid (Aib), and norvaline (NorVal) were all recognized [50]. However, NorVal had the
best yield with 95% product conversion after 24 h [50]. Taken together, the utilization of
butelase-1, both native and engineered, to develop peptides with unnatural amino acids
opens the door for its potential use in bio-orthogonal systems and peptide therapeutics.

Expanding on the concept of butelase-1 employment for therapeutic purposes, this
ligase has assisted in the synthesis of anticancer and antibacterial peptides [48,52]. Using a
variant of butelase-1, engineered to improve its recombinant expression, Hu et al. were
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able to cyclize the peptide lunasin, which has shown anticancer activity in mouse and
mammalian cells [48,53]. By redesigning the sequence of lunasin to contain the appropriate
recognition amino acids for butelase-1, the peptide was cyclized with an over 90% yield [48].
Cyclized lunasin was then less susceptible to degradation by pepsin and trypsin, and better
inhibited the proliferation of HepG2 cells compared to the linear peptide [48]. Butelase-1
mediated cyclization has also been employed to improve the stability of antimicrobial
peptides for better target engagement [54]. Aside from cyclization, butelase-1 has been
utilized as a ligase to develop peptide dendrimers, branched macromolecules, to act against
antibiotic-resistant bacterial strains [52]. A thiodepsipeptide, where the thioester group
was inserted between amino acids N and V, was utilized to increase the effectiveness of the
ligation reaction between this peptide and a lysyl dendrimeric scaffold [52]. The synthesis
of di-, tetra-, and octameric branched dendrimers was successful, and they displayed
antimicrobial activities against several drug-resistant bacterial strains [52]. Butelase-1
ultimately possesses the potential to not only improve known peptide therapeutics but also
allow for the development of peptide therapeutics for unmet clinical needs.

4. OaAEP1

4.1. Mechanism and Engineering

Similar to butelase-1, OsAEP1 is a cysteine-based AEP isolated from Oldenlandia
affinis which recognizes an Asn residue at the ligation site and proceeds through the
same mechanism for protein ligation (Figure 1C) [54-56]. However, OaAEP1 has distinct
differences from butelase-1 in that it has decreased catalytic efficiency but has better
recombinant expression in bacteria [51,57]. When determining the crystal structure of
OaAEP1, Tam et al. discovered a C247A mutation that increased the activity of the enzyme
by 160-fold [51,58,59]. C247 is positioned near the substrate pocket, so substitution for a
smaller side chain with alanine increases the acceptability of the incoming nucleophilic
amine [57]. Also, the hydrophobic nature of alanine was hypothesized to reduce the
capability of water to hydrolyze the thioester intermediate before the ligation reaction [57].
Early recombinant expression of OsAEP1 demonstrated a specificity for the C-terminal
NGL motif and N-terminal GL nucleophile for intramolecular cyclization [55]. This poses a
problem as the ligation reaction then becomes reversible as the released peptide can act as a
nucleophile for a subsequent ligation reaction. The C247A mutation helps alleviate some of
this reversibility problem and increases the promiscuity of O2AEP1 by demonstrating the
ability to accept a GV nucleophile, and it produces an NGV product that has poor ligation
efficiency [59,60]. However, when using OaAEP1 variants with a tolerated substrate, it is
oftentimes necessary to introduce metal cations to quench the reversible byproduct [61,62].
This OaAEP1 variant is further being engineered to broaden the acceptance for various
substrates and nucleophiles. One study has developed OsAEP1-C247A-aa55-351, which
can recognize NAL and accept RL nucleophiles with high catalytic efficiency [62]. This
variant also resolves other issues such as purification, low pH requirements for activation,
etc., that exist with OaAEP1 C247A [62].

4.2. Applications

Due to the ability of OaAEP1 to act as a cyclase, it has been sought out for its ability
to perform head-to-tail cyclization. Oftentimes, this enzyme has been used for in vitro
ligations; however, one study was able to recombinantly express a truncated version of
OaAEP1-C247A in E. coli to perform in vivo cyclization [63]. Specifically, OaAEP1-C247A
was co-expressed with its substrate murine dihydrofolate reductase (mDHFR), which
contained prodomains, to reveal an N-terminal GL nucleophile and C-terminal NGL
recognition sequence [63]. Cyclized mDHFR was purified and obtained in a similar yield to
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the linear mDHER from E. coli while displaying increased thermal stability and no loss of
enzymatic function [63]. Aside from producing macrocycles itself, the ligation capabilities
of OaAEP1-C247A have been used to facilitate intramolecular cyclization for the creation of
phage-displayed peptide libraries [64]. An NGL substrate containing a chloroacetyl group
on its N-terminus was introduced to OaAEP1-C247A, which catalyzed its ligation with a
phage displaying a GL-containing peptide [64]. This peptide also contains a cysteine which
undergoes an Sy 2 reaction with the chloroacetyl group for intramolecular cyclization [64].
Using the transcription factor TEAD4 as a proof of concept, the authors were able to
perform several rounds of selection and enriched for several cyclic peptides, one of which
had a Kp value 16-fold lower than its linearized counterpart [64]. These studies highlight
the promise of OnAEP1-C247A in producing and assisting in the enrichment of macrocycles
for highly specific targets.

OaAEP1 has also contributed to the development of noncanonical amino acid incorpo-
ration by accepting peptides containing unnatural or D-amino acids [65-67]. Lang et al.
used genetic code expansion (GCE) to incorporate an azide glycylglycine moiety linked
via an isopeptide bond to lysine—AzGGisoK—on an internal residue in ubiquitin, which
then underwent a Staudinger reduction to become GGisoK [65]. A desthiobiotin-NGLH
probe, dtb-NGLH, provided the substrate for the ligation reaction catalyzed by OsAEP1-
C247A to label the ubiquitin molecule with ~95% yield in a 1 h incubation period [65]. The
authors further explored the capabilities of OsAEP1-247A by dual-labeling ubiquitin, with
its N-terminus acquiring an alkyne probe for proceeding click reactions, and catalyzing
the ubiquitination and SUMOylation of POI with the GGisoK residue [65,66]. In this study,
although the unnatural amino acid (UAA) was present, it was GG that served as the nucle-
ophile. Rehm et al. expanded on the OaAEP1-catalyzed ligation with a UAA nucleophile
by integrating an Ac-G[Dap]LGV peptide where the diaminopropionic acid (Dap) residue
acted as the amine nucleophile for an NGL substrate [67]. High-yield product conversion
was seen at a more neutral pH both with and without the NiZ* quencher; furthermore,
Ac-G[d-Dap]LGV and Ac-vGI[d-Dap]G also had high product yields, demonstrating the
compatibility of this ligase with D-amino acids [67]. As Leu was important for ligation
efficiency, the Dap-Leu motif was incorporated into a model protein, MCoTI-1I, and had
an 83% product conversion when ligated with an NGL-Hisg-carrying eGFP protein [67].
OaAEP1-catalyzed ligation of UAAs expands the capabilities of protein synthesis for site-
specific side chain modifications and the incorporation of biochemical probes for techniques
like bio-orthogonal reactions.

5. Transglutaminase
5.1. Mechanism and Engineering

Transglutaminase 2 (TGM2) is a member of the transglutaminase protein family, which
are enzymes that facilitate transamidation reactions in the presence of Ca?* [68,69]. This
enzymatic reaction was first discovered in 1957 by Sarkar et al., who discovered that in the
presence of Ca?*, amines were being incorporated into soluble proteins found in guinea
pig livers [70]. Decades later, it has been elucidated that TGM2 is the enzyme responsible
for this crosslinking, which occurs between the y-carboxamide group of glutamine and a
primary amine [68,71,72]. TGM2 has a conserved catalytic cysteine, i.e., C277, which exerts
a nucleophilic attack on the y-carboxamide group of glutamine to produce a thioester
intermediate and release ammonia [68,69]. The thioester intermediate is then attacked
by a primary amine, such as lysine, to release the enzyme and create an isopeptide bond
between glutamine and lysine (Figure 3A) [68]. TGM2 is heavily reliant on the surrounding
concentration of CaZ*, as mutagenesis studies have shown that a loss of any of its CaZ*
binding sites reduces or eliminates the transamidation reaction [69]. However, there is a
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microbial version of TGM isolated from Streptomyces mobaraense that is Ca®*-independent
while still retaining the ability to generate isopeptide bonds [73].
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Figure 3. Enzymatic peptide ligation through isopeptide bond formation. (A) A catalytic cysteine
on TGM attacks the y-carboxamide group of glutamine to produce a thioester intermediate and
release ammonia. The thioester intermediate undergoes an aminolysis reaction with a primary
amine on lysine to release the enzyme and create an isopeptide bond. R;—Ry4 are peptide or protein
sequences. (B) One-step transfer of ubiquitin from E2 onto a protein substrate by RING E3 ligases.
The thioester intermediate between E2 and ubiquitin undergoes an aminolysis reaction with lysine
on the protein substrate. (C) Two-step transfer of ubiquitin from E2 onto a protein substrate by HECT
and RBR E3 ligases. A catalytic cysteine on HECT/RBR attacks the thioester to transfer ubiquitin
onto the C-terminus of the E3 ligase. The thioester intermediate between HECT/RBR and ubiquitin
undergoes an aminolysis reaction with lysine on the protein substrate. POI: protein of interest.

Microbial TGM (mTGM) is highly commercially available due to its Ca?* indepen-
dence and low cost but exhibits a short half-life at high temperatures, approximately 2 min
at 60 °C [74]. This is a major problem considering mTGM is widely used in the food in-
dustry for production of meat, cheese, etc., and these processes require several hours at
temperatures of 60 °C and above [74,75]. Many early studies looked to random mutagen-
esis to identify residues important to the thermostability of mTGM; however, it was the
utilization of saturation mutagenesis of these hotspots in the N-terminus that produced
a triple mutant with improved thermostability [76,77]. S23V-Y24N-K294L mTGM exhib-
ited a 12-fold-higher half-life at 60 °C compared to the wildtype, which has been further
improved into FRAPD-TGm1 via addition of the mutations S2P and S199A to increase
enzymatic activity by approximately 115% [76-78]. The Liu lab has spent several years
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creating even more robust versions of this mutant (FRAPD-TGm2, FRAPD-TGm2A, and
FRAPD-TGm3), with the latter two having half-lives of over 120 min above 60 °C [74,79].
FRAPD-TGm?2 contains E28T-A265P-A287P mutations, granting it a two-fold-higher activ-
ity over FRAPD-TGm1 [79]. Adding mutations S116A and S179L for increased flexibility
generated FRAPD-TGm2A and resulted in an additional 1.84-fold-higher activity over
FRAPD-TGm?2 at 79.15 U/mg [74]. To increase the surface negative charge, FRAPD-TGm3
was generated from FRAPD-TGm2 with N96E-S5144E-N163D-R183E-R208E-K325E muta-
tions and demonstrated the highest specific activity at 83.7 U/mg [79].

Aside from thermostability, mTGM has also been engineered to increase its substrate
tolerance as adjacent amino acids to glutamine have been shown to impact the transamida-
tion reaction. It has been demonstrated that the presence of arginine is not well tolerated by
the wild-type mTGM, which has made this a target for increased substrate specificity [80].
One study mutated FRAPD-TGm?2 and determined that the mutation Y278E shifted the
substrate preference of GGGGQR from 0.05 to 0.93 and increased its activity by 1.15-fold,
signifying that it is possible for transamidation to occur in the presence of arginine [81].
However, this study took place under virtual mutagenesis and molecular docking and this
mutation was not stable on the physical enzyme, which limits its application and requires
further optimization [81].

5.2. Applications

Although most of the attention received for TGM focuses on its inhibition for the
treatment of various diseases, this enzyme has several applications as a tool for protein
ligation by forming isopeptide bonds [82]. TGM has been employed in the production
of site-specific antibody—drug conjugates (ADCs) utilizing various glutamine or lysine
residues on the antibody [83-85]. ADCs present a promising therapeutic option for cancer
by combining the specificity of antibodies for tumor cells with the cytotoxicity of small-
molecule drugs; however, traditional syntheses of ADCs produce heterogenous mixtures
with little control over the site of conjugation [86]. Although there are many native glu-
tamine and lysine residues in IgG antibodies, only very specific residues are capable of
undergoing a transamidation reaction with TGM, which allows for site-specific ADCs
(Figure 4) [83]. For example, among the ~60 glutamine residues found in IgG1, only Q295
in the Fc domain has the ability to be modified by mTGM [85,87]. However, a nearby
N-glycan at residue N297 prevents mTGM from accessing 295, which has been the focus
of several studies to remove this glycan and make Q295 available for modification [82,88].
This was first accomplished by using an amidase, PNGase, to convert the N297 into D297,
which did allow for transamidation at Q295 but with alteration to the structure and function
of IgG1 [82,88]. Other work has utilized an endoglycosidase, EndoS2, to trim the glycan
down to its core, which then allows for mTGM to modify Q295 without compromising
the IgG1 antibody [83]. An alternative approach has also been to generate mutant mTGM
that has acquired specificity for Q295 in the presence of N-glycated N297 [84]. Studies
have also shown that despite the inability of TGM to modify ~80 native lysine residues on
IgG1, there is a C-terminal lysine, K447, that can act as an acyl acceptor [85]. Normally, this
lysine is cleaved by carboxypeptidase B when expressed in HEK 293 cells; however, the
addition of amino acids following K447 blocks its cleavage and allows for TGM-mediated
transamidation of this residue [85,89]. Taken together, the ability to use glutamine or lysine
residues on IgG antibodies for site-specific TGM-mediated conjugation signifies an impor-
tant route for ADC production. Referred to as “meat glue”, TGM also has a role in the food
industry as it is capable of crosslinking meat pieces in combination with binding agents
such as sodium caseinate and x-carrageenan [90,91]. These crosslinks improve emulsion
stability and meat gelation, which results in better meat quality and texture and reduces
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cooking loss [91,92]. To increase the nutritional value of meat products, TGM has been
used to crosslink meat with plant-based products [93,94].
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Figure 4. The production of site-specific ADCs via an isopeptide bond formation catalyzed by
TGM. Despite ~60 glutamine residues existing on IgG antibodies, studies have shown that only Q295
on the Fc domain can act as an acyl donor for a ligation reaction by TGM. Similarly, K447 located on
the C-terminus of the Fc domain is the only lysine residue that can act as an acyl acceptor. Drugs
bearing either a primary amine or glutamine residue can then be conjugated to these residues in a
site-specific manner.

6. E3 Ligase
6.1. Mechanism

In order to regulate the expression of proteins, cells have developed refined machinery
through the ubiquitin proteasome pathway (UPP). Proteins marked for degradation are
modified with a small molecule, ubiquitin, through an isopeptide bond between the
e-amino group on lysine and the C-terminus of ubiquitin [95,96]. Ubiquitin is passed
down through E1, E2, and E3 ligases; however, it is the role of E3s to recruit E2s and
facilitate the transfer of ubiquitin onto the POI [97,98]. There are over 600 E3 ligases, which
can be classified into three major families: RING (really interesting new gene), HECT
(homologous to E6AP C-terminus), and RBR (RING-between-RING) [99,100]. RING E3s
are the largest family and can either act as monomers or in complex with several adaptor
proteins for the transfer of ubiquitin [99,100]. RING E3s act in a one-step transfer as they
bind both the substrate and E2—ubiquitin complex at the same time; as a result, the thioester
intermediate between E2 and ubiquitin can be attacked by lysine for an aminolysis reaction
(Figure 3B) [101]. HECT E3s catalyze this reaction in a two-step process by first binding to
the E2—ubiquitin complex on its N-terminus, which is attacked by the C-terminal catalytic
cysteine on HECT to form an E3-ubiquitin complex via a transthiolation reaction [99,101].
This complex is then positioned closely to the substrate for the aminolysis reaction to
transfer ubiquitin onto the protein [99]. RBR E3s are considered a hybrid between RING
and HECT seeing as though their RING1 domain binds E2, similar to RING E3s, and their
RING2 domain has a catalytic cysteine for the transthiolation reaction seen in HECT E3s
(Figure 3C) [101,102]. Seeing as though E3s are responsible for binding the substrate for
ubiquitination, these ligases are responsible for substrate specificity through the recognition
of different degrons and post-translational modifications [103].

6.2. Applications

Besides the in vitro applications of E3 for protein engineering [17], one area of drug
discovery that has been rapidly developing is the production of proteolysis targeting
chimeras (PROTAC:s) that hijack the UPP to selectively degrade proteins of interest (POls),
which is a representative application example of E3-mediated isopeptide bond formation
in vivo. PROTACS consist of a warhead that will bind to a POI, an E3 ligand, and a linker
connecting the two pieces together [104,105]. Several PROTACs have been developed for
cancer therapeutics; however, their efficacy remains limited by aspects such as off-target
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degradation, large molecular weight, and varying expression of E3 ligases in different
tumor cells [105-109]. To overcome these limitations, attention has been turned to the
combination of click chemistry with PROTACsS to deliver small pieces of the PROTAC into
cells with an in situ assembly [110,111]. Wang et al. developed a click-release PROTAC
(crPROTAC) which used «, 33 integrin, as it is highly expressed on cancer cells, to deliver
a click handle for the bio-orthogonal reaction in tumor cells [112]. A tetrazide (Tz) group
was attached to an «, 33 integrin binding peptide, c (RGDyK), which, when inside the cell,
reacted with a trans-cyclooctene (TCO) containing PROTAC [112]. The ARV-771 PROTAC
was used to recruit the Von Hippel-Lindau (VHL) E3 ligase from the RING family to
selectively degrade BRD4 in HeLa cells [112]. The authors found that not only did dosing
this crPROTAC induce increased activity in cancer cell lines over normal cell lines, but this
PROTAC also acted in a prodrug in that BRD4 was only degraded if both click handles
were present to activate the PROTAC [112]. ARV-771 has also been employed in other
studies developing tissue-specific delivery and click-mediated activation of PROTACs for
cancer therapeutics [113]. Yu et al. employed nanoparticles (NPs) that exposed a DBCO
click handle only in the tumor microenvironment, which underwent a click reaction with
an azide-modified polymeric PROTAC (POLY-PROTAC) [113]. By undergoing this click
reaction in cancer-specific tissues, the ARV-771 PROTAC demonstrated 3.9-fold-higher
accumulation in an MDA-MB-231 tumor xenograft model, which correlated with higher
activity and decreased tumor volume [113]. These PROTAC:S still have limitations in that
they depend on an endogenous E3 ligase, VHL, which is susceptible to resistance and has
varying expression in different tissues. ClickRNA-PROTACSs overcome this limitation by
exhibiting spatiotemporal control of degradation in selected tumor cells. Li et al. designed
an IGF2 mRNA transcript that encodes for the E3 ligase SIAH1 fused to a SNAPTag which
covalently attaches to a benzylguanine (BG) group containing DBCO [114]. To complete
the PROTAC, DBCO undergoes a click reaction with an azide group attached to the POL
IGF2 mRNA is specific to adrenocortical carcinoma, so this clickRNA-PROTAC can act as a
targeted therapy option [114]. Collectively, these studies show the potential for targeted
cancer treatments by utilizing bio-orthogonal chemistry to overcome the limitations of
traditional PROTACs for therapeutic applications.

Another route to improve the tissue specificity of PROTACS is to create antibody-
based PROTACs (AbTACs) where the chosen antibody will bind to tumor-specific
antigens [115,116]. Once bound to the antigen, the AbTAC is internalized and releases
the PROTAC, which has been demonstrated using a BRD4 PROTAC fused with an anti-
body specific for HER2+ cell lines [116,117]. Another feature of AbTACs that addresses
the limitations of traditional PROTACs is the ability to improve the pharmacokinetic
parameters of high-affinity degraders that have low bioavailability [115,118]. One of
the earliest AbTAC studies came from Dragovich et al., where they synthesized a BET
PROTAC, GNE-987, that had picomolar potency in acute myeloid leukemia (AML) cell
lines; however, when transitioning to in vivo animal studies, this PROTAC had poor phar-
macokinetic properties for oral or intravenous administration [118]. The conjugation of
GNE-987 with the CLL1-targeting antibody via a cleavable disulfide linkage allowed for
BET-mediated degradation by GNE-987 to shrink tumor volumes in AML mouse models,
thus demonstrating how antibody conjugation can enhance PROTAC development for
clinical therapeutics [115,118]. James Well’s lab has also developed AbTACs to target
membrane proteins and membrane-bound E3 ligases, such as RNF43, and bring them in
close proximity to facilitate degradation [119,120].
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7. Intein Splicing as the Inspiration for Native Chemical Ligation (NCL)

The existence of inteins was first discovered in 1990 by two independent groups, Kane
et al. and Hirata et al., and for the past several decades, they have been heavily studied
for their roles in protein ligation [121,122]. Inteins are believed to act as self-catalyzing
enzymes which are able to undergo cis- or trans-splicing to fuse together their external
protein sequences known as the N- and C-exteins [123,124]. Canonical intein splicing is
a multistep process, starting with either cysteine or serine on the N-intein, which acts as
a nucleophile and attacks the adjacent carbonyl group linked to the N-extein [125-128].
This produces a reversible N-to-S or N-to-O acyl shift to produce a linear intermediate. A
trans(thio)esterification step, promoted by either cysteine or serine on the C-extein, links
the N- and C-exteins together. To resolve the branched intermediate that is a product
of this reaction, there is a rate-limiting irreversible cyclization of a conserved C-terminal
asparagine. A succinimide is produced release the connected exteins from the intein. The
succinimide formed on the intein undergoes a hydrolysis reaction to restore the intein.
Finally, the exteins undergo an acyl shift, either S to N or O to N, to create the native peptide
bond and complete the ligation reaction (Figure 5A).
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Figure 5. The mechanism of intein splicing as the inspiration behind NCL. (A) The multistep
mechanism of class 1 canonical intein splicing. Cysteine or serine on the N-intein attacks the adjacent
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carbonyl group linked to the N-extein. A reversible N-to-S or N-to-O acyl shift produces a linear
intermediate that undergoes a trans(thio)esterification step promoted by either cysteine or serine
on the C-extein. The irreversible cyclization of a conserved C-terminal asparagine releases intein
from the fused N- and C-exteins. The resulting succinimide is hydrolyzed to restore the intein. The
exteins undergo an acyl shift, either S to N or O to N, to create the native peptide bond and complete
the ligation reaction. X represents either S or O. (B) The mechanism of NCL. A cysteine residue
attacks the carbonyl group of a C-terminal thioester on a separate peptide. The thioester intermediate
undergoes a spontaneous S-to-N acyl shift to form a native peptide bond and the ligated product. Ry
and R, are peptide or protein sequences

When comparing the mechanism of intein splicing with that of native chemical ligation
(NCL), there are many similarities, which suggest that nature inspired the design of this
chemical ligation. The concept of NCL to produce a peptide with a native backbone struc-
ture was first introduced in the pioneering study published by the Kent lab in 1994 [129].
In this reaction, an activated cysteine residue attacks the carbonyl group of a C-terminal
thioester belonging to another peptide. This produces a thioester intermediate between
the peptides that undergoes a spontaneous S-to-N acyl shift to form a native peptide bond
that results in the ligated product (Figure 5B). The mechanism of NCL looks very similar to
the transthioesterification and subsequent S-to-N acyl shift that occur with intein splicing.
Therefore, this demonstrates how nature has gifted the world of protein engineering with a
mechanism that can be implemented into chemical peptide synthesis [130].

8. Summary and Outlook

Given the vast amount of roles proteins play in biological homeostasis, decades of
research have gone into understanding their functions and harnessing them to improve the
research world. However, the generation of these proteins by both recombinant expression
and chemical synthesis has proven to be difficult. The limitations involved in recombinant
expression in bacteria often involve an absence or lack of control over PTMs, which are
important for the function and folding of proteins, as a result leading to low yields or
dysfunctional proteins. Chemical synthesis via SPPS retains the ability to induce site-
specific modifications; however, issues with yield only allow the production of ~40-50
amino-acid-containing linear peptide sequences. Notably, nature has given us a gift through
the availability of protein ligases which can catalyze the fusion of peptides/proteins
synthesized either recombinantly or chemically. In this review, we highlighted protein
ligases that all contain a catalytic cysteine residue to facilitate the formation of both native
peptide and isopeptide bonds between peptides/proteins.

Although these protein ligases can all be isolated from natural sources, many of them
have undergone extensive optimization. Studies focusing on sortase A and OsAEP1 have
generated several different mutants to improve their catalytic efficiencies and substrate
specificities, while butelase-1 and mTGM have been engineered to improve recombinant
expression and thermal stability, respectively. Engineered variants of these ligases have
expanded the toolbox for many chemical biology applications, diversifying the field of
proteomics. For example, butelase-1 and OzAEP1 have been integral in unnatural amino
acid incorporation and protein cyclization, while sortase A and E3 ligases can be combined
with click chemistry to develop potent and selective cancer therapeutic options. Further
expansion of this synthetic toolbox has come from the implementation of NCL for the
chemical ligation of proteins, which has a natural counterpart through the mechanism of
intein splicing. The employment of protein ligases is rapidly expanding, revolutionizing
therapeutics and biological tools, indeed demonstrating that nature is the greatest gift
of all.
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