RESEARCH ARTICLE

Journal of Erzincan Binali Yildirim University Health Sciences Institute - (JEBYUHSI)

Nitrofurantoin with Anticholinergic Effect: A Different in Vitro Approach to
Alzheimer's Disease

Seyma KANDEMIR“?, Ciineyt TURKES !

Erzincan Binali Yildirrm Universitesi Department of Biochemistry, Faculty of Pharmacy, Erzincan, Tiirkiye

Received: 06.08.2024, Accepted: 27.08.2024, Publication Date: 08.10.2024

ABSTRACT

Alzheimer's disease (AD), a leading cause of dementia, severely affects cognitive function, with the depletion
of acetylcholine being a pivotal factor in its pathogenesis. This study delves into the inhibitory potential of the
nitrofuran analogue, nitrofurantoin on cholinesterases (ChESs) using comprehensive in vitro approaches. Our
findings indicate that nitrofurantoin exhibits differential inhibition of acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE), with inhibition constants (KI) of 6.77 = 0.56 uM for AChE and 9.48 + 0.69 uM
for BChE. These values, although less potent than those of the reference drug tacrine (KIs of 0.17 + 0.01 uM
for AChE and 0.13 + 0.01 uM for BChE), suggest a noteworthy anticholinergic capability. By providing
detailed insights into the enzyme inhibition dynamics, this study lays the groundwork for optimizing nitrofuran
derivatives in the therapeutic landscape of AD. The implications of these findings extend to the broader context
of pharmacological advancements, highlighting the significance of targeted enzyme inhibition in managing
neurodegenerative diseases. Future research building on these results could lead to the development of more
effective treatments, enhancing the quality of life for individuals affected by AD and offering new avenues for
clinical intervention.
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Antikolinerjik Etkili Nitrofurantoin: Alzheimer Hastahgina Farkh Bir in Vitro

Yaklasim

OZET

Demansin 6nde gelen nedenlerinden biri olan Alzheimer hastaligi (AD), biligsel islevi ciddi sekilde etkiler ve
asetilkolinin tiilkenmesi patogenezinde Onemli bir faktordiir. Bu calisma, kapsamli in vitro yaklagimlar
kullanarak nitrofuran analogu olan nitrofurantoin’in kolinesterazlar (ChE'ler) tizerindeki inhibitor potansiyelini
arastirmaktadir. Bulgularimiz, nitrofurantoin’in asetilkolinesteraz (AChE) ve biitirilkolinesteraz (BChE)
enzimleri iizerinde farkli inhibisyon etkileri sergiledigini, AChE i¢in 6.77 = 0.56 uM ve BChE i¢in 9.48 + 0.69
UM inhibisyon sabitleri (KI)’ne sahip oldugunu gostermektedir. Bu degerler, referans ilag takrin’in KI
degerlerinden (AChE i¢in 0.17 £ 0.01 uM ve BChE i¢in 0.13 £ 0.01 uM) daha az etkili olsa da, dikkate deger
bir antikolinerjik kapasiteye isaret etmektedir. Bu c¢alisma, enzim inhibisyon dinamiklerine dair ayrintilt
icgoriiler saglayarak, nitrofuran tiirevlerinin AD'nin terapotik yaklasiminin optimize edilmesi i¢in temel
olusturmaktadir. Bu bulgularin ¢ikarimlari, farmakolojik gelismelerin daha genis baglamina uzanmakta ve
norodejeneratif hastaliklarin yonetiminde hedeflenen enzim inhibisyonunun 6nemini vurgulamaktadir. Bu
sonuglara dayanarak yapilacak gelecekteki arastirmalar, daha etkili tedavilerin gelistirilmesine, AD'den
etkilenen bireylerin yasam kalitesinin artirtlmasina ve klinik miidahale i¢in yeni yollar sunulmasina yol
acabilir.
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1. INTRODUCTION

The global incidence of Alzheimer's disease (AD) is escalating, currently impacting over 50
million individuals (Scheltens et al., 2021). A hallmark of AD pathology is the cholinergic
deficit, leading to significant impairments in memory, cognition, and behavior (Hampel et al.,
2018). This deficit arises from the hydrolytic breakdown of acetylcholine by cholinesterase
enzymes, culminating in cognitive dysfunction characteristic of AD (Bandyopadhyay, 2021).
Present therapeutic strategies, including donepezil, galanthamine, rivastigmine, and tacrine
(THA), aim to mitigate these symptoms by inhibiting cholinesterases (ChEs) and enhancing
cholinergic transmission in the synaptic cleft (Bortolami et al., 2021) (Figure 1). The human
brain expresses two principal cholinesterase enzymes: acetylcholinesterase (AChE, EC 3.1.1.7)
(Wu et al., 2020) and butyrylcholinesterase (BChE, EC 3.1.1.8) (Turkan, 2021), which share a
65% sequence homology and feature a 20 A deep hydrophobic active site gorge (Xing et al.,
2021). Structural differences between these enzymes account for their distinct substrate
specificities, influenced by variations in the amino acid sequences within their active sites (De
Boer et al., 2021). The AChE active site is further subdivided into the peripheral anionic site
(PAS) and the catalytic anionic site (CAS), with PAS playing a role in allosteric regulation and
amyloid-beta (AB) aggregation (Roca et al., 2018). BChE, predominantly found in blood
plasma and, to a lesser extent, in the brain, primarily resides in glial cells and participates in
cholinergic modulation (Rossi et al., 2021). Notably, BChE activity is elevated in AD brains'
hippocampus and temporal cortex, where AChE levels are conversely reduced (Reid &
Darvesh, 2024). This increased BChE activity with age, particularly in AD, contrasts with the
stable activity levels of AChE (Li etal., 2021). Research has demonstrated that BChE inhibition
correlates with memory improvements in AD patients (Li et al., 2020). Initially, AChE
inhibition was the primary focus for AD treatment, but recent studies underscore the advantages
of dual inhibition of both AChE and BChE (AlFadly et al., 2019). Given BChE's significant
role in cholinergic regulation and AD progression, dual inhibition is poised to offer long-term
therapeutic benefits (Gao et al., 2021). Consequently, numerous dual inhibitors have been
developed over the past decade, reflecting a promising avenue for enhanced AD treatment

outcomes (Turgutalp et al., 2022).
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Figure 1. Depictions of some cholinesterase inhibitors are employed in the pharmacotherapy
of AD.

Although 5-nitrofurans (NFs) have been utilized for over six decades due to their broad-
spectrum efficacy, recent years have seen limited advancements in developing new clinical
variants (Bailly, 2019). Historically, NFs have found applications in both animal feed and
pharmaceuticals (Suarez-Torres et al., 2021). However, prior to 1995, these compounds were
widely employed as feed additives in the livestock industry to enhance growth in poultry, pigs,
and cattle, and were also utilized in aquaculture and bee colonies. (Molognoni et al., 2021).
Clinically, NFs function as broad-spectrum redox-active antibiotics (Zuma et al., 2020),
exhibiting bacteriostatic or bactericidal effects against both Gram-positive and Gram-negative
bacteria (Lewkowski et al., 2019). Additionally, derivatives of 5-nitrofuraldehyde, known as
Schiff bases, demonstrate efficacy against a variety of pathogens, including tuberculosis
(Kumar Sahoo et al., 2022), malaria (Melekhin et al., 2021), leishmaniasis (Kannigadu et al.,
2022), trypanosomiasis (Foscolos et al., 2016), urinary tract infections (UTIs) (Gallardo-
Garrido et al., 2020), and even cancer (Ding et al., 2020). These yellow, crystalline agents are
aromatic xenobiotic compounds characterized by a nitro group attached to a furan ring (Penning
et al., 2022). Notably, NFs possess a secondary pharmacophore, a hydrazone moiety, which
features zwitterionic properties that contribute to the chemical stability of the nitrofuran ring
(Ndlovu et al., 2023) (Figure 2).
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Figure 2. (a) Diagram showcasing the pharmacophoric groups found in 5-nitrofuran
medications. (b) Structure of nitrofurantoin.

The hydrazone group exhibits significant anti-pathogenic properties (EI-Wakil et al., 2021),
including antituberculosis (Yan et al., 2020), antibacterial (Popiotek et al., 2020), anti-
trypanosomal (Fernando da Silva Santos-Junior et al., 2022), and anticancer activities
(Mohamed et al., 2023). Specifically, the anticancer efficacy of hydrazones against breast



carcinoma is primarily mediated through inhibiting the phosphoinositide 3-kinase pathway.
This pathway plays a vital role in cancer cell survival by facilitating the phosphorylation of
lipids within cell membranes (Mushtaq et al., 2024) (Figure 3).
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Figure 3. Structures of some clinical nitrofuran derivatives.

Nitrofurantoin (see Figure 2b) is a cyclic amide derived from NF, primarily employed for
treating UTIs (Konwar et al., 2022). Its efficacy against UTlIs is notably heightened under acidic
conditions (Vasudevan et al., 2020). This drug is formulated as a suspension within a
hydrophilic methylcellulose medium, making it suitable for pediatric and geriatric populations
(Huang et al., 2022). Additionally, nitrofurantoin acts as a hypoxic agent (Munsimbwe et al.,
2021), suggesting its potential applicability in combating anaerobic pathogens, including latent
tuberculosis (Kalinin et al., 2021). There have been reports of its activity against
Mycobacterium tuberculosis, with an MICso in the micromolar range (Murugasu-Oei & Dick,
2000). Notably, despite being in use for over fifty years, significant resistance to this medication

has not emerged, likely due to its action on multiple biological targets (Uddin et al., 2021).

The simultaneous administration of bioactive macromolecules that exhibit complementary
pharmacophoric attributes or distinct mechanisms of action frequently results in synergistic
outcomes. Expanding on earlier findings, the current investigation offers a comprehensive in
vitro analysis of nitrofurantoin, particularly emphasizing its interactions with AChE and BChE.
This specific drug has not been extensively studied regarding its relationship with ChEs. The
findings aim to furnish a thorough understanding of the interactions between nitrofurans and
ChEs, which is essential for advancing novel therapeutics, clarifying the biochemical
mechanisms underlying ChEs, and insight into how this compound influences biomolecular

dynamics and particular metabolic pathways. Furthermore, this research will contribute to



refining clinical dosing strategies and underscore the potential for drug interactions when these

antibiotics are co-administered with other therapeutic agents.

2. MATERIALS and METHODS
1.1. General Information

The substrates, acetylthiocholine iodide (AChl, Sigma A5751, PubChem CID: 74629) and
butyrylthiocholine iodide (BChl, Sigma B3253, PubChem CID: 74630), 5,5'-dithiobis(2-
nitrobenzoic acid) (DTNB, Sigma D8130, PubChem CID: 6254), AChEs (Sigma C2888),
BChE (Sigma C1057), and nitrofurantoin (Sigma 46502, PubChem CID: 6604200) were
procured from Sigma-Aldrich Chemie GmbH (Germany). The preparation of all assay solutions

involved the use of ultra-pure water.
1.2. Biological Screening

The inhibitory efficacy of nitrofurantoin was evaluated quantitatively through an in vitro
spectrophotometric technique utilizing a modified version of Ellman's method (Ellman et al.,
1961). THA (Sigma A3773, PubChem CID: 1549120) was employed as a control for the assay.
The experimental procedure involved preparing a reaction mixture consisting of a 50 mM buffer
solution, varying concentrations of the test compound, and 10 puL of the ChEs enzyme solution.
This mixture was preincubated at 37 °C for 5 minutes. Following this, 10 mM of the AChl or
BChl was added to initiate the enzymatic activity, and then 0.5 mM DTNB was included as a
chromogenic agent. Absorbance was measured at 412 nm, and each sample was assessed in
triplicate. In alignment with our earlier research (Muglu et al., 2024), Lineweaver-Burk plots
(Lineweaver & Burk, 1934; Lolak et al., 2023) (refer to Figure 4) were generated for each
antibiotic. The inhibition constants (Kis) and the types of inhibition were deduced from the
collected data. Data evaluation for nitrofurantoin was conducted utilizing GraphPad Prism 10
(GraphPad Software) for MacOS, while Kis against AChE and BChE were calculated using
SigmaPlot 12 (Systat Software) for Windows. Comparative statistical analyses among the
datasets were performed employing the extra sum-of-squares F test along with the Akaike
Information Criterion method, with a significance level set at p < 0.05. Results are presented as

mean + SEM, encompassing 95% confidence intervals.
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Figure 4. The Noncompetitive Inhibitory Effects of Nitrofurantoin Against AChE and BChE
Were Evaluated In Vitro.

The Lineweaver-Burk curves were used to determine the Kis and the types of inhibition caused by this drug. Various
concentrations of the nitrofurantoin were examined across five levels using acetylthiocholine iodide (PubChem CID: 74629;
0.080, 0.120, 0.160, 0.200, and 0.240 mM for AChE) and butyrylthiocholine iodide (PubChem CID: 74630; 0.050, 0.100,
0.150, 0.200, and 0.250 mM for BChE) as substrate to assess AChE and BChE activity.

3. RESULTS and DISCUSSION
1.3. Biological Evaluation

The application of nitroheterocyclic drugs (NHCDSs) in treating bacterial, protozoal, and
cancerous conditions is well-documented. Nitrofurans were among the first NHCDs introduced
into chemotherapy and have been widely used for many years. Similar to other NHCDs, their
cytotoxicity is believed to result from the reduction of the nitro group, leading to subsequent
DNA damage, though the precise mechanism remains partially elucidated (Squella et al., 1996).
Consequently, despite extensive experimental research on nitrofurans, they continue to be a

focal point of scientific investigation.

In this study, we examined the inhibitory capacity of the 5-nitrofuran analogue, nitrofurantoin,
against AChE and BChE enzymes implicated in AD pathology using Ellman's assay. The
inhibitory effects of nitrofurantoin were compared to THA, a well-known competitive ChE
inhibitor, which was used as a positive control. The calculated Kis and their respective
coefficients of determination (R?) are presented in Table 1. Nitrofurantoin exhibited mild
inhibition of ChEs, with K, values of 6.77 £ 0.56 uM for AChE and 9.48 + 0.69 uM for BChE,
suggesting it is a weaker inhibitor compared to THA, which has K constants of 0.17 = 0.01 uM
for AChE and 0.13 £ 0.01 uM for BChE. Furthermore, nitrofurantoin demonstrated a
noncompetitive inhibition mechanism against both AChE and BChE.



Table 1. Inhibition Data of Ache and Bche with Nitrofurantoin Compared to Reference
Inhibitor Tacrine

Compounds AChE BChE
Ki2 R? Ki? R?
(UM) (LM)
Nitrofurantoin 6.77 £ 0.56 0.9824 9.48 £ 0.69 0.9827
Tacrine 0.17+0.01 0.9881 0.13+0.01 0.9877

@ The analysis outcomes were presented as means of triplicate assays + SEM.

Despite the extensive body of research examining the effects of various therapeutic drugs on
many metabolic enzymes documented in the literature, there remains a notable absence of
comprehensive studies specifically targeting nitrofurantoin. This gap is particularly evident in
the context of human carbonic anhydrase (hCA) VII, a promising molecular target for treating
epileptic seizures and other central nervous system disorders due to its nearly exclusive
expression in neurons. Gantner et al. (2022) highlight this through their development of an in
silico protocol using AutoDock to identify new inhibitors for hCA VII via virtual screening.
Their findings indicate that nitrofurantoin exhibits significant activity versus hCA VII at low
nanomolar levels and demonstrates a favorable selectivity index for hCA VII over hCA II.
These results underscore the importance of incorporating docking ligand efficiency as a critical
selection criterion and highlight nitrofurantoin’s potential as a therapeutic agent. This study not
only bridges a crucial research gap but also sets a foundation for future investigations into the
therapeutic applications of nitrofurantoin, emphasizing the need for more detailed and targeted
studies on this drug.

4. CONCLUSION

In conclusion, our comprehensive study underscores the differential inhibitory effects of
nitrofurantoin on AChE and BChE, highlighting its potential as a therapeutic agent in the
management of AD. Nitrofurantoin demonstrated notable inhibitory activity, with inhibition
constants of 6.77 £ 0.56 uM for AChE and 9.48 + 0.69 uM for BChE. Although its inhibitory
potency is less than that of the reference drug THA (KI constants of 0.17 = 0.01 pM for AChE
and 0.13 = 0.01 uM for BChE), nitrofurantoin's capacity to modulate these key enzymes
suggests it could be a valuable candidate for further development. This research significantly

contributes to ongoing efforts aimed at developing effective inhibitors for AChE and BChE,



facilitating the optimization of nitrofuran-based therapeutics. Moreover, our findings enhance
the understanding of the mechanistic roles these enzymes play in AD pathology, potentially
leading to new insights and strategies in treating this debilitating disease. Exploring
nitrofurantoin’s inhibitory mechanisms could pave the way for novel therapeutic approaches

and improve the efficacy of AD management protocols.
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