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ABSTRACT

INVESTIGATION OF THE EFFECT OF AURANOFIN, CISPLATIN, AND GLIPTINS
ON THE NEUROLYSIN CATALYTIC ACTIVITY

by

Manar Aljarrah

Advisor: Vardan T. Karamyan, Ph.D.

Neurolysin is a zinc metallopeptidase belonging to the M3 family of endopepti-
dases. It can be found in different cellular components, such as the cytosol, mitochondria,
and plasma membrane. It plays a crucial role in breaking down neurotoxic and cerebrotoxic
neuropeptides. Neurolysin plays an important role in stroke and some cancer types. En-
hancing neurolysin is deemed to be a promising therapeutic approach for stroke, while
inhibiting neurolysin is believed to be a potential therapeutic approach for specific types
of cancer.

This study aimed to evaluate the effects of various approved drugs, such as auranofin, cis-
platin, alogliptin, linagliptin, sitagliptin, and vildagliptin, on the activity of neurolysin and
related enzymes. The majority of experiments were carried out using fluorometric enzyme
assays and recombinant proteins. Our results show that auranofin selectively inhibits neu-
rolysin at nanomolar concentrations, potentially offering a previously unrecognized mech-

anism of action for this drug.
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CHAPTER ONE

INTRODUCTION
Neurolysin (NIn) is a peptidase that is also referred to as EC 3.4.24.16. This endopepti-
dase is one of the M3 family of zinc metallopeptidases that was discovered first by
Frederic Checler and Emer Ferro (Checler & Ferro, 2018).
The zinc metallopeptidase family has two essential characteristics; one of them is that it
has a zinc ion in the active site. This zinc ion is necessary for its catalytic activity. Also, it
contains His-Glu-Xaa-Xaa-His (HEXXH) motif (where X = any amino acid residue) in
its sequence, which is essential for forming part of the binding site for the zinc metal co-
factor (Shrimpton et al., 2002; Brown et al., 2001). The molecular weight of Nln is 70-75
kDa, and it exists as a monomeric protein and can be inhibited by metal chelators and di-
thiothreitol (Dauch et al., 1995).
Nin is found in various mammalian tissues, with the highest expression levels in the brain
and liver, and depending on the cell type, it is primarily localized in the cytosol, mito-
chondria, and plasma membrane, and can be secreted. Nln functions most effectively at a
neutral pH. The primary function of Nln is the hydrolysis of bioactive peptides in the
extracellular environment and mitochondria (Shrimpton et al., 2002; Teixeira et al.,
2018).
Among most studied extracellular substrates of Nln are bradykinin, neurotensin, sub-
stance P, hemopressin, angiotensin I/II, dynorphin-A (1-8), and metorphamide (Rashid et
al., 2014; Mentlein & Dahms, 1994). All of these peptides are hydrolyzed and inactivated

by Nln except for angiotensin I, metorphamide, and dynorphin-A(1-8) (Rashid et al.,



2014). NIn converts inactive precursor peptide angiotensin I to bioactive peptide angio-
tensin-(1-7) and converts metorphamide and dynorphin-A (1-8) to Met- and Leu-
enkephalins, respectively (Rashid et al., 2014; Karamyan, 2019; Karamyan, 2021).

Nln acts as a compensatory and neuroprotective mechanism following a stroke by reduc-
ing excitotoxicity, oxidative stress, edema formation, blood-brain barrier permeability,
and neuroinflammation. It achieves this by inactivating neuro/cerebrotoxic peptides such
as bradykinin, substance P, and neurotensin, and generating neuro/cerebroprotective pep-
tides, such as angiotensin-(1-7), Leu- and Met-enkephalins (Rashid et al., 2014;
Karamyan, 2019; Jayaraman et al., 2020).

Experimental studies showed that after ischemia, Nln expression is increased in primary
cortical neurons in culture and in the mouse brain, impacted by stroke, suggesting its role
in the response of the brain to ischemia (Rashid et al., 2014; Rashid et al., 2010).
Another study showed that inhibiting NIn with a specific inhibitor, in mice following ex-
perimental stroke (i.e., middle cerebral artery occlusion, MCAO), leads to worsening of
outcomes, including increased infarct size, edema, blood-brain barrier disruption, and
higher levels of pro-inflammatory cytokines. This is accompanied by the elevation of Nin
substrates neurotensin, substance P, and bradykinin in the brain. Conversely, overex-
pressing Nln in the mouse brain using an adeno-associated viral vector (AAV2/5-CAG-
Nln) before stroke provided cerebroprotection by lowering infarct volume, brain edema,
and inflammation, and was accompanied by reduced levels of Nln substrate peptides

(Jayaraman et al., 2020).



When it comes to neurological disorders, in addition to stroke, NIn was also hypothesized
to play a role in the pathogenesis of traumatic brain injury (Karamyan, 2019) and Alz-
heimer’s disease (Teixeira et al., 2018). Notably, these ideas have not been experimen-
tally tested, though there is strong experimental evidence linking the activity of Nln to the
function of mitochondria and Alzheimer’s disease (Teixeira et al., 2018).

Amyloid beta peptide (AP) is an important contributing factor to the development of Alz-
heimer's disease. AP is a neurotoxic peptide that aggregates and accumulates in the brain
mitochondria of Alzheimer's patients. NIn can break and degrade AP peptide (Teixeira et
al., 2018). This study opens a new door in the treatment of Alzheimer’s disease by using
a small molecular modulator of Nln in order to increase Nln activity to block the for-

mation of AP (Teixeira et al., 2018; Qi & Yao, 2021).

In addition, Nln was found to be overexpressed in acute myeloid leukemia (AML) (Mirali
et al., 2020). Inhibition of Nln by a specific inhibitor caused a selective cytotoxic effect
on AML cells without any harmful effect on normal hematopoietic cells. Additionally, it
was found that Nln plays a crucial role in the formation of respiratory chain super
complexes, which play a major role in oxidative metabolism, the major way AML cells
generate energy. When Nln is inhibited, the respiratory chain super-complexes will not
form properly, and mitochondria will be unable to produce energy. As a result of that,
AML cells can’t get enough energy to survive and grow. These findings highlight that
inhibiting Nln could be a promising target for AML treatment (Mirali et al., 2020; Mirali

& Schimmer, 2020).



Collectively, these experimental studies suggest that Nln is involved in pathogenic mech-
anisms of several disorders and that it may serve as a new therapeutic target for the treat-
ment of these disorders. On the other hand, when it comes to the development of new
drugs, the modulation of Nln activity is rarely considered a possibility, whether as an ad-
ditional mechanism of action or an off-target (Maciag & Karamyan, 2025a; Maciag &
Karamyan, 2025b). To this end, the aim of this study was to evaluate the effect of several
FDA-approved drugs, including auranofin, cisplatin, alogliptin, linagliptin, sitagliptin,
and vildagliptin, on the catalytic activity of NIn. The choice of these drugs was based on
our knowledge about the mechanism of action of these drugs and the catalytic machinery
of Nin.

Auranofin, with the brand name Ridaura, is an oral gold-containing anti-inflamma-

tory medication that was approved by the FDA for the treatment of rheumatoid arthritis in
1985 (Wu et al., 2019; Englinger et al., 2019). It belongs to the so-called chrysotherapeu-
tic agents, most common of which are gold(I) thiolates. The early chrysotherapeutic
agents, including gold sodium thiomalate (Myochrysine) and gold sodium thioglucose
(Solganol) were water-soluble and administered parenterally (Crooke et al., 1986). Dis-
covery of auranofin replaced these early-generation drugs because it could be adminis-
tered orally. The chemical structure of auranofin is 1-Thio-B-D-glucopyranosato tri-
ethylphosphine gold-2,3,4,6-tetraacetate. Looking at its chemical structure, auranofin has
monomeric structure consisting of a single gold(I) center bound linearly to two ligands:
one being 1-thio-B-D-glucose-2,3,4,6-tetraacetate and the other being triethylphosphine

(Figure 1) (Zoppi et al., 2020).



Figure 1. Chemical structure of auranofin. This image was created using ChemDraw software.

Auranofin is a prodrug, which means that it is metabolized and converted into an active
drug after administration. The aurothioglucose moiety in the drug complex, which con-
tains a sulfur donor group, is responsible for the drug's water solubility, allowing it to dis-
solve and circulate in the biological system. On the other hand, the other part, triethyl
phosphine, which contains a phosphine ligand, makes the drug lipophilic, helping it in the
crossing of cell membranes. Following oral administration and absorption, the
thioglucose tetraacetate part of the molecule undergoes oxidation and hydrolysis, causing
progressive deacetylation. As result, two active forms are formed — triethylphosphine-
gold(I) cation and gold(I)-thioglucose species with different numbers of acetyl groups
(Kupiec et al., 2019).

Auranofin and other gold(I) compounds have a high affinity for ligands containing sulfur
and selenium in their structure. Proteins that have accessible side chains, such as cysteine
and selenocysteine, are the perfect target for auranofin and similar drugs. The binding of
these drugs to proteins results in the formation of strong gold—protein adducts, which can
impact the protein's function (Nobili et al., 2010). In case of auranofin, it is the gold-tri-
ethylphosphine fragment that primarily reacts with surface-exposed cysteine and seleno-

cysteine-containing proteins (Zoppi et al., 2020; Nobili et al., 2010).
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The primary anti-rheumatoid mechanism of auranofin is its action as a pro-oxidant, dis-
rupting the thiol-redox homeostasis in cells. Among the most studied targets is inhibition
of thioredoxin reductases (TrxRs), which are selenoenzymes — TrxR1 located in the cyto-
sol, and TrxR2, located in the mitochondria. TrxRs are involved in maintaining the cellu-
lar redox balance, working as an antioxidant defense system, regulating the levels of re-
active oxygen species (ROS), and protecting cells from oxidative damage (Roder &
Thomson, 2015; Saikolappan et al., 2019).

TrxRs reduce oxidized Trx (thioredoxin) protein, which contains a disulfide bond (S-S),
by transferring electrons from nicotinamide adenine dinucleotide phosphate (NADPH) to
the oxidative Trx and breaking the disulfide bond to form reduced Trx with a free thiol
group. The reduced form of Trx functions as a reducing agent, donating electrons and in-
teracting with other oxidized cysteines in different proteins. In this process, Trx is oxi-
dized again. Thus, the thioredoxin system regulates and controls the reduction of oxidized
cysteine residues in proteins, thereby regulating the function of these proteins (Karlenius
& Tonissen, 2010; Mohammadi et al., 2019; Onodera et al., 2019). Auranofin interacts
with the thiol group of TrxRs and Trx, leading to their inhibition.

Among several functions, Trx1 is involved in the regulation of cell growth and prolifera-
tion via increasing AKT activity and inhibiting phosphatase and tensin homolog (PTEN)
(Meuillet et al., 2004). In addition, Trx1 can translocate from the cytoplasm to the nu-
cleus and activate specific transcription factors, such as the tumor suppressor p53 and
NF-kB (Mohammadi et al., 2019). Inhibition of TrxR1 by auranofin suppresses these mo-

lecular mechanisms, resulting in anti-inflammatory and anti-rheumatoid effects.



Notably, inhibition of TrxR1 and TrxR2 by auranofin, and subsequent cytotoxicity and
cell death, are also responsible for the off-label use of this drug as an anti-cancer agent.
For example, Trx1 functions to prevent cell death by binding to apoptosis signaling ki-
nase 1 (ASK1); this binding prevents ASK1 activation, and as a result, inhibits apoptosis.
When Trx1 is oxidized by ROS, oxidized Trx1 dissociates from ASK1, leading to its acti-
vation. Activated ASK1 triggers cell death via mitogen-activated protein kinase (MAPK)
signaling pathways, including c-JUN N-terminal kinase (JNK) and p38 MAP kinase
(Saikolappan et al., 2019). Thus, inhibition of TrxR1 by auranofin leads to increased lev-
els of ROS and oxidative stress, and activation of ASK1. This triggers JNK and p38
MAPK pathways that are responsible for inducing apoptosis, reducing cells' ability to
survive, grow, and proliferate through reducing AKT activity and decreasing transcrip-
tion mediated by p53 and NF-kB (Abdalbari & Telleria, 2021).

Research shows that TrxR1/Trx1 are overexpressed in a specific type of cancer, such as
breast, colorectal, lung, pancreatic, ovarian, and gastric cancer. This overexpression is
closely related to cancer development and poor disease prognosis. Based on these obser-
vations, auranofin is considered a promising anticancer molecule (Onodera et al., 2019;
Gasdaska et al., 1994; Lim et al., 2012).

In addition, auranofin may cause cytotoxicity via the disruption of protein homeostasis
(Abdalbari & Telleria, 2021), a mechanism observed detected in HepG2 liver hepatocel-
lular carcinoma cells and MCF-7 breast cancer cells (Liu et al., 2014). This study demon-
strated that the cytotoxic effect of auranofin is due to inhibiting proteasome-associated

deubiquitinases (DUBs), which play a vital role in the growth of cells and the progression



of cancer (Pfoh et al., 2015). Notably, the same mechanism was also documented in
chronic myeloid leukemia (Chen et al., 2014).

The second drug investigated in our study is cisplatin, which was used as a control for
auranofin. While cisplatin is not a gold-containing drug, it contains another transition
metal — platinum, and similar to auranofin, it is a pro-drug. After metabolic activation,
cisplatin (Pt(Il) form reacts with DNA and thiol-con-taining proteins, leading to
anticancer effects. In our study, cisplatin was used as a com-parison to auranofin, since
there are no other gold-containing FDA-approved drugs. Our studies with cisplatin
showed a lack of significant effect on the activity of Nln and related enzymes, confirming
that the cytotoxic effect of cisplatin does not involve Nln modula-tion.

Cisplatin is also referred to as cis-diamminedichloridoplatinum(II), the first platinum-
based metal agent used in chemotherapy for the treatment of cancer. Cisplatin was
approved by the FDA in the 1970s and is used for the treatment of several types of solid
cancer, such as lung, head and neck, testicular, ovarian, and other types of cancer (Ghosh,
2019).

Cisplatin is a coordination complex with the chemical formula cis-[Pt(NH3).Cl:], consist-
ing of a central platinum atom with two ammine ligands and two chloride ligands. The
ammonia and chloride ligands, arranged in the "cis" configuration, form a square planar

geometry around the platinum atom (Figure 2) (Brown et al., 2019).

Figure 2. Chemical structure of cisplatin. This image was created using ChemDraw software.



Cisplatin contains a platinum atom that makes covalent bonds with DNA's purine bases,
primarily guanine and adenine. This binding results in the formation of intra-strand and
inter-strand crosslinks, which cause damage to the DNA structure and lead to strand
breaks. Repairing this damage is difficult, leading to the accumulation of DNA, RNA,
and protein damage, which consequently triggers cell death and apoptosis. Cisplatin is
considered a DNA-damaging agent that induces cell death through various mechanisms,
including direct mitochondrial toxicity and the formation of DNA cross-links (Rottenberg
et al., 2021; Wang & Lippard, 2005; Kelland, 2007). In addition, similar to auranofin,
cisplatin interacts with thiol groups of various proteins, including TrxR1, leading to its
inactivation (Arnér et al., 2001).

While cisplatin is effective in treating various cancers, its use is associated with a high
rate of morbidity and mortality associated with the described mechanism of action (Sung
et al., 2021).

Lastly, in this study, we investigated a family of drugs known as gliptins - dipeptidyl pep-
tidase 4 (DPP-4) inhibitors — used for the treatment of diabetes mellitus (DM). Since no
information is available on whether any of the currently approved DPP-4 inhibitors were
tested against Nln and associated peptidases during their development in pharmacological
selectivity screens, we carried out focused experiments to answer this question.

DPP-4, also known as dipeptidyl-peptidase IV, peptidase 3.4.14.5, or CD26, is a serine
peptidase involved in hydrolytic processing of proline-containing peptides in the body
(Pereira et al., 2003). DPP-4 is most known for its hydrolysis of glucagon-like peptide-1

(GLP-1), which is a major peptide playing a crucial role in regulating blood glucose lev-



els. GLP-1 regulates glucose levels immediately after meal administration by stimulating
insulin secretion, inhibiting glucagon release, delaying gastric emptying, and increasing
satiety. Inhibition of DPP-4 by gliptins leads to increased levels of GLP-1, and this ap-
proach has emerged as a reliable approach to treating type 2 diabetes (Capuano et al.,
2013; Drucker & Nauck, 2006). These drugs, such as alogliptin, linagliptin, sitagliptin,
and vildagliptin, also lower blood pressure, lead to modest weight loss, reduce inflamma-
tory markers and oxidative stress, and improve postprandial lipemia, providing a broad
range of cardiovascular benefits (Scheen, 2013). These associated effects are most likely
due to the inhibition of the hydrolysis of other bioactive peptides by DPP-4.

All gliptins are similar in their mechanism of action but differ in chemical structure, as
shown in Figures 3, 4, 5, and 6, which translates to differences in pharmacokinetic prop-
erties, including metabolism, distribution, absorption, excretion, and pharmacodynamic
effects. These differences result in variations in their dose, duration of action, and po-
tency, and hence suitability for a specific patient.

Sitagliptin is a beta-amino acid-based DPP-4 inhibitor with the brand name Januvia,
which was the first gliptin agent approved by the FDA in 2006. The recommended dos-
age is 100 mg once daily. Sitagliptin is highly selective toward DPP-4 without affinity to

other DPP enzymes (DPP-8 and DPP-9) (Gallwitz, 2007; Ahrén, 2019).

10



Figure 3. Chemical structure of sitagliptin. This image was created using ChemDraw sofitware.

Vildagliptin is a cyanopyrrolidine-based DPP-4 inhibitor with the brand name Galvus,
approved in the European Union in 2007; however, it has not been approved by the FDA.
Vildagliptin is a highly selective inhibitor of DPP-4, with a stronger affinity for DPP-4
compared to DPP-8 and DPP-9. The recommended dosage is 50 mg twice daily or once,
depending on the medication it is combined with. If it is used in combination with met-
formin or a thiazolidinedione, the dose is 50 mg twice daily. However, when used in
combination with a sulfonylurea, the recommended dosage is 50 mg once daily. This
drug has a neutral effect on weight, with a low risk of hypoglycemia (Mathieu &

Degrande, 2008; Scheen, 2012; Keating, 2014).
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Figure 4.Chemical structure of vildagliptin. This image was created using ChemDraw software.

Linagliptin is a xanthine-based DPP-4 inhibitor with the brand name Tradjenta, approved
by the FDA in 2011. It is the most selective and highly potent agent in the gliptin family.
Linagliptin has a 40,000-fold higher affinity for DPP-4 than DPP-8 and a 10,000-fold
higher affinity for DPP-4 than DPP-9. The recommended dosage is 5 mg once daily.
Linagliptin is the only DPP-4 inhibitor that is eliminated by the non-renal route (Gallwitz,

2013; Mahfuz ul Alam et al., 2023).
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Figure 5. Chemical structure of linagliptin. This image was created using ChemDraw sofiware.

Alogliptin is a quinazolinone-based DPP-4 inhibitor with the brand name Nesina. It is a
highly selective and potent gliptin. Alogliptin has a 10,000-fold higher affinity for DPP-4
than DPP-2, DPP-8, and DPP-9. The recommended dosage is 25 mg once daily (Scott,

2010).

Figure 6. Chemical structure of alogliptin. This image was created using ChemDraw software.

12



CHAPTER TWO
METHODS
ENZYME ASSAYS USING RECOMBINANT PROTEINS
The effect of the drugs discussed above on the activity of Nln and associated enzymes
was measured in fluorometric enzymatic assays used in our publications (Jayaraman et
al., 2021; Rahman et al., 2021; Esfahani et al., 2022a). In brief, a fixed concentration of
recombinant rat or human Nln (0.3 or 0.5 nM final assay) was dissolved in artificial cere-
brospinal fluid (aCSF; NaCl 126 mM, NaHCO3 26 mM, KC1 3 mM, KH>PO4 1.4 mM,
HEPES 25 mM, glucose 4 mM, MgCl, 1.3 mM, CaCl, 1.4 mM, ZnSO4 0.2 uM, pH 7.2)
containing Triton X-100 (0.01% final assay concentration), and preincubated with 0.3 nM
— 10 uM concentrations of auranofin for 10 minutes at 37 °C in a 96-well plate. The en-
zymatic reaction was started by the addition of a fluorogenic substrate for NIn (Mca-Pro-
Leu-Gly-Pro-D-Lys(Dnp)-OH) in a final assay volume of 100 pL. Cisplatin, alogliptin,
linagliptin, sitagliptin, and vildagliptin were tested at 0.1 pM — 300 pM final assay con-
centrations. The enzymatic reaction was continuously monitored for 20 minutes, while
measuring fluorescence once per minute. Control wells contained the vehicle used to dis-
solve the drugs (aCSF). All experimental samples were tested in duplicates. Each assay

was repeated four times to ensure reproducibility and accuracy of the data.

The activity of recombinant human thimet oligopeptidase (TOP) was measured in the
same way as for Nln, except that dithiothreitol was present at a final assay concentration
of 0.1 mM (Jayaraman et al., 2021). The activities of recombinant human ACE, NEP, and

ACE2 were measured similarly to Nln, except that different fluorogenic substrates were

13



used. For ACE2, we used Mca-Ala-Pro-Lys(Dnp), and for ACE and NEP, we used Mca-
Arg-Pro-Pro-Gly-Phe-Ser-Ala-Phe-Lys(Dnp)-OH (Jayaraman et al., 2021; Esfahani et al.,
2022a). Rat and human Nln, and human TOP were produced in-house using our estab-
lished protocols (Wangler et al., 2016; Jayaraman et al., 2021). Recombinant human

NEP, ACE and ACE2 were purchased from R&D Systems.

CELL CULTURE AND TREATMENT OF THE CELLS WITH AURANOFIN
The SH-SYSY cell line was used to evaluate the effect of auranofin on Nln activity. The
SH-SYS5Y cell line is a human neuroblastoma cell line widely used in biomedical re-
search, both as a model for brain cancer cells and neuronal cells (Yusuf et al., 2013;

Lopez-Suarez et al., 2022).

SH-SYS5Y cells were purchased from ATCC, expanded to the 2™ and 3™ generation, and
cryopreserved following ATCC protocols. For our experiments, the frozen SH-SY5Y
cells were thawed in a 37 °C water bath for 2 minutes, resuspended in pre-warmed
growth media consisting of Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, seeded in a T-75
flask, and cultured in a humidified incubator at 37 °C in the atmosphere air supplemented
with 5% CO». The medium was renewed every 2—3 days until ~80% confluency, fol-
lowed by subculturing in 6-well plates or 100 mm dishes. At approximately 90% conflu-
ency, the cells were treated with auranofin. Before the treatment, the entire well/dish me-
dium was replaced with fresh medium containing 2% FBS, followed by the addition of

50 or 300 pL of auranofin solution to reach a 0.03 uM to 300 uM final concentration.
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The well plate/dish was gently rotated to facilitate the diffusion of the drug and placed in

the humidified incubator for 1 hour.

Measurement of total cellular Nin activity: After the 1-hour incubation of cells with
auranofin in 6-well plates, the cells were scraped gently but quickly and transferred into a
microtube. The cells were then centrifuged at 1000 % g for 10 minutes, the supernatant
was removed, and the cell pellet was resuspended in 250 uLL of aCSF. After resuspending
the cells, they were sonicated using a probe sonicator for 1 second, twice at 20% ampli-
tude/intensity. Next, 20 puL of the cell suspension was transferred into a new tube con-
taining 110 pL of aCSF. The enzyme assay was then carried out described above, with
the exception that activity of each sample was measured both in the absence and presence
of Nln inhibitor Pro-Ile (10 mM final assay concentration), as described in our previous

publications (Rashid et al., 2014; Jayaraman et al., 2020).

Measurement of mitochondrial Nin activity: One hour after the auranofin treatment of
cells cultured in 100 mm dishes, the culture medium was aspirated to leave ~1 mL, fol-
lowed by scraping of the cells, centrifugation (2000 x g for 10 min at 6 °C), and removal
of the supernatant. Next, the cell pellet was resuspended in 500 uL of hypotonic aCSF (1
part aCSF + 2 parts water), followed by gentle vortexing and another centrifugation at
2000 x g for 10 min at 6 °C. After this second centrifugation, the supernatant was again
discarded, and the pellet was resuspended in 500ul of hypotonic aCSF, followed by gen-
tle vortexing. Next, the tube containing the cells was placed in well-packed ice for 10
minutes, followed by sonication for 1 second at 50% amplitude/intensity using a probe

sonicator. After sonication, 5 pl of phenylmethylsulfonyl fluoride (PMSF) from a 50 mM
15



stock solution was added to the suspension, and the tube was immediately vortexed thor-
oughly. The tube was centrifuged again at 2000 x g for 10 min at 6 °C, and the superna-
tant was transferred to a new, chilled tube and kept immersed in well-packed ice box. The
pellet was resuspended again in 500 puL of hypotonic aCSF, followed by the addition of 5
uL PMSF (50 mM) and immediate vortexing, and centrifugation (2000 x g for 10 min at
6 °C). The supernatant was combined with the prior supernatant, and the tube was centri-
fuged at 12000 x g for 15 min at 6 °C to separate mitochondria from other organelles.
The resulting pellet was resuspended in 500 pl of hypotonic aCSF, followed by soni-
cation in a water bath sonicator for 30 seconds. The tube was vortexed and sonicated
once again, and the resulting suspension was used to measure the activity of Nln as de-

scribed above for the total cellular Nln activity.

DATA ANALYSIS APPROACH
For each enzymatic reaction, the slope of the line that represents the initial velocity (Vo)
for the reaction progress curve was calculated in Excel. To calculate ICso values, Vo values
for enzymatic reactions in the presence of varying concentrations of the drugs were ex-
pressed as a percentage within each experiment, with 100% being Vo of the enzymatic
reaction in the absence of any drug (i.e., basal activity with vehicle control). ICso values
were calculated in GraphPad Prism by fitting %V values into a nonlinear regression model
for the three-parameter log(inhibitor) versus response equation. GraphPad Prism was also

used to create all graphs. Data are presented as mean + S.E.M.
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CHAPTER THREE
RESULTS
The concentration-dependent effects of auranofin on the catalytic activity of recombinant
peptidases are presented in Figure 7. The results show that auranofin inhibits rat and hu-
man Nln, with ICso values of 121 nM and 63 nM, respectively. It showed no significant
effect on the activity of ACE, ACE2, or NEP, and inhibited TOP only at high concentra-

tions (ICso>10 uM), suggesting >150-fold selectivity in inhibiting human NIn than TOP.

Additionally, our experiments carried out in SH-SY5Y cells showed that auranofin inhib-
its total cellular NIn with an ICso value of 4.8 uM (Figure 8), whereas the potency for in-
hibiting mitochondrial Nln activity in the same cells was even lower (ICso= 31 pM; Fig-

ure 9).

The concentration-dependent effects of cisplatin on the catalytic activity of recombinant
peptidases are presented in Figure 10. Our results indicate that cisplatin is a much less po-
tent Nln inhibitor — ICso values for rat and human Nln are 86.8 uM and 784 uM, respec-
tively. Notably, we did not observe any significant inhibition of TOP, ACE, ACE2, or

NEP in the presence of even high cisplatin concentrations (Figure 10).

Lastly, the concentration-dependent effects of gliptins on the catalytic activity of the re-
combinant peptidases are presented in Figures 11, 12, 13, and 14. Our results indicate that
alogliptin, vildagliptin, and sitagliptin have no substantial effect on the activity of Nin

and the replated peptidases. In the case of linagliptin, we observed weak inhibition with
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some of the enzymes, with calculated ICso values ranging from 270 uM and higher (Fig-

ure 14).
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Figure 7. The effect of auranofin on the catalytic activity of recombinant peptidases. The concentration-dependent
effect of auranofin on the hydrolysis of the fluorogenic substrate by the respective recombinant peptidase is shown (mean

+ SEM, n = 4 independent experiments with duplicate samples for each condition). In all panels, the initial velocity of

the hydrolysis in the absence of auranofin is set to 100% on the Y-axis, and —15 on the X-axis. Auranofin inhibited rat
and human Niln with ICso values of 121 nM (95% CI: 90.5 - 162 nM) and 63 nM (95% CI: 49 - 82 nM), respectively,
while having negligible or no effect on TOP, ACE, ACE2, and NEP.
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Figure 8. The effect of auranofin on the catalytic activity of total cellular Nin in SH-SY5 cells. The concentration-
dependent effect of auranofin on the hydrolysis of the fluorogenic substrate by Nin in the SH-SY5 cell lysate is shown
(mean + SEM, n = 4 independent experiments with duplicate samples for each condition). The initial velocity of the
hydrolysis in the absence of auranofin is set to 100% on the Y-axis, and —15 on the X-axis. Auranofin inhibited Nin
activity in SH-SY5Y cells with an ICsovalue of 4.8 uM (95% CI: 2.1 — 12.0 uM).
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Figure 9. The effect of auranofin on the catalytic activity of mitochondrial Nin in SH-SY5 cells. The concentration-
dependent effect of auranofin on the hydrolysis of the fluorogenic substrate by mitochondrial Nin in the SH-SY5 cells is
shown (mean + SEM, n = 4 independent experiments with duplicate samples for each condition). The initial velocity of
the hydrolysis in the absence of auranofin is set to 100% on the Y-axis, and —13 on the X-axis. Auranofin inhibited
mitochondrial Nin activity with an ICsovalue of 31 uM (95% CI: 14.4 - 60.8 uM).
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Figure 10. The effect of cisplatin on the catalytic activity of recombinant peptidases. The concentration-dependent
effect of cisplatin on the hydrolysis of the fluorogenic substrate by the respective recombinant peptidase is shown
(mean + SEM, n = 4 independent experiments with duplicate samples for each condition). In all panels, the initial ve-
locity of the hydrolysis in the absence of cisplatin is set to 100% on the Y-axis, and —13 on the X-axis. Cisplatin inhib-
ited rat and human NIn with ICsovalues of 86.8 uM (95% CI: 52.4 - 151 uM) and 784 uM (95% CI: 330 - 1203 uM),
respectively, while having no effects on TOP, ACE, ACE2, and NEP.
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Figure 11. The effect of alogliptin on the catalytic activity of recombinant peptidases. The concentration-dependent
effect of alogliptin on the hydrolysis of the fluorogenic substrate by the respective recombinant peptidase is shown
(mean + SEM, n = 4 independent experiments with duplicate samples for each condition). In all panels, the initial
velocity of the hydrolysis in the absence of alogliptin is set to 100% on the Y-axis, and —13 on the X-axis. No
substantial effect of alogliptin on the activity of Nin, TOP, ACE, ACE2, and NEP was observed.
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Figure 12. The effect of vildagliptin on the catalytic activity of recombinant peptidases. The concentration-
dependent effect of vildagliptin on the hydrolysis of the fluorogenic substrate by the respective recombinant
peptidase is shown (mean = SEM, n = 4 independent experiments with duplicate samples for each condition).
In all panels, the initial velocity of the hydrolysis in the absence of vildagliptin is set to 100% on the Y-axis,
and —13 on the X-axis. No substantial effect of vildagliptin on the activity of Nln, TOP, ACE, ACE2, and NEP
was observed.
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Figure 13. The effect of sitagliptin on the catalytic activity of recombinant peptidases. The concentration-dependent
effect of sitagliptin on the hydrolysis of the fluorogenic substrate by the respective recombinant peptidase is shown
(mean + SEM, n = 4 independent experiments with duplicate samples for each condition). In all panels, the initial
velocity of the hydrolysis in the absence of sitagliptin is set to 100% on the Y-axis, and —13 on the X-axis. No
substantial effect of sitagliptin on the activity of Nin, TOP, ACE, ACE2, and NEP was observed.
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Figure 14. The effect of linagliptin on the catalytic activity of recombinant peptidases. The concentration-
dependent effect of linagliptin on the hydrolysis of the fluorogenic substrate by the respective recombinant
peptidase is shown (mean = SEM, n = 4 independent experiments with duplicate samples for each condition). In
all panels, the initial velocity of the hydrolysis in the absence of linagliptin is set to 100% on the Y-axis, and —13
on the X-axis. Linagliptin inhibited human Nin with ICsovalue of 270 uM (95% CI: 158 - 569 uM), while having
negligible or no effect on rat Nin, and human TOP, ACE, ACE2, and NEP.
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CHAPTER FOUR
DISCUSSION

As discussed in detail in the Introduction section of this thesis, several experimental stud-
ies have confirmed the involvement of Nin in the pathogenesis of ischemic stroke, certain
types of cancer, progression of Alzheimer’s disease and traumatic brain injury, and sensa-
tion of pain (Rashid et al., 2014; Jayaraman et al., 2020; Mirali & Schimmer, 2020;
Teixeira et al., 2018; Karamyan, 2019; Hines et al., 2014). Based on this, Nln is viewed
as a new therapeutic target, and efforts have been made to develop both selective inhibi-
tors and enhancers of this enzyme (Karamyan, 2019; Esfahani et al., 2022b; Hines et al.,
2014; Checler & Ferro, 2018). In addition, pharmacological selectivity studies employed
during the development of new small-molecule drugs rarely take into consideration the
possible modulation of Nln activity and its related enzymes (Maciag & Karamyan,
2025a; Maciag & Karamyan, 2025b). To this end, this study was designed to evaluate the
effect of several FDA-approved drugs, including auranofin, cisplatin, alogliptin,
linagliptin, sitagliptin, and vildagliptin, on the catalytic activity of Nln and related pepti-

dases.

The results of our study indicate that auranofin strongly inhibits recombinant NIn with
nanomolar potency (ICso value for rat and human Nln is 121 nM and 63 nM, respec-
tively), while not having substantial effects on related peptidases TOP, ACE, ACE2, and
NEP. In experiments carried out in SH-SYS5Y cells, we confirmed inhibition of total cel-
lular Nln with a calculated ICso value of 4.8 uM. Lastly, the potency to inhibit mitochon-

drial Nln in the same cells was recorded to be around 31 uM. The results of the SH-
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SYSY cell experiments are not surprising given the reactivity of auranofin described in
the introduction section, and the possible reduction of its available concentrations in the
cell, and a further decrease when it reaches the mitochondria. In addition to the competi-
tion from other thiol-containing proteins, cellular uptake and intracellular metabolism
may also contribute to the documented drop in potency (increasing ICso values) from re-
combinant protein to cellular Nln to mitochondrial Nin. It is noteworthy that the docu-
mented potency of mitochondrial Nln inhibition by auranofin is likely an underestima-
tion. This is because of the technical requirements to prepare mitochondria-enriched
preparations for the Nln assay, which takes close to an hour and involves dilutions of the

sample, leading to likely underestimation of Nln inhibition.

Nevertheless, our results offer a previously unrecognized mechanism of action for
auranofin, which may explain both anticancer (e.g., inhibition of mitochondrial Nln) and
perhaps the side effects of this drug. Further studies will be required to expand this dis-

covery and elucidate this new mechanism of auranofin action in vivo.

In parallel to auranofin, we also studied the effects of cisplatin on the activity of NIn and
related enzymes TOP, ACE, ACE2, and NEP. While cisplatin is not a gold-containing
drug, it contains another transition metal — platinum, and similar to auranofin, it is a pro-
drug. After metabolic activation, cisplatin (Pt(Il) form reacts with DNA and thiol-con-
taining proteins, leading to anticancer effects. In our study, cisplatin was used as a com-
parison to auranofin, since there are no other gold-containing FDA-approved drugs. Our
studies with cisplatin showed a lack of significant effect on the activity of NIn and related

enzymes, confirming that the cytotoxic effect of cisplatin does not involve Nln modula-
26



tion. These results also suggest that our observations with auranofin are likely specific to
the gold atom. However, there is a chance that in our assay buffer (aCSF) cisplatin is
minimally transformed to an active form and therefore it does not interact with Nln or the

rest of the enzymes. Future studies addressing this question are warrantied.

Lastly, we have also studied several gliptins and revealed that they do not affect the cata-
lytic activity of Nln and related enzymes. This new knowledge confirms that gliptins are
selective for dipeptidyl-peptidase IV (aka, DPP-4) and that none of the therapeutic or side

effects of these drugs can be assigned to inhibition of these peptidases.

Thus, this study shows for the first time a new mechanism of action for auranofin and ex-
pands the selectivity profile for cisplatin and several gliptins, confirming that they do not
affect the activity of Nln and related enzymes. Future studies will aim to investigate the

involvement of Nln in the effects of auranofin in appropriate animal models.
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