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1. Introduction 

Loratadine and cetirizine are second-generation antihistaminic drugs with low sedative effects 

that are widely used in treatment of diseases such as urticaria, allergic rhinitis, allergic 

conjunctivitis, and atopic dermatitis by blocking H1 receptors. Owing to their long duration of 

action, these agents provide effective therapeutic options without substantially impairing daily 

activities (Simons & Simons, 2011). Loratadine binds with high affinity to peripheral H1 

receptors and exhibits minimal effects on the central nervous system. Cetirizine, on the other 

hand, is an active metabolite of hydroxyzine and is characterized by favorable pharmacokinetic 

properties, including high bioavailability and rapid absorption (Lieberman, 2011).  

Accurate determination of these drugs in pharmaceutical formulations and monitoring of their 

therapeutic efficacy are of great importance in terms of drug safety and treatment success. 

Conventional analytical techniques such as high-performance liquid chromatography (HPLC), 

liquid chromatography–mass spectrometry (LC–MS), and spectrophotometry are commonly 

employed; however, these methods are often time-consuming, require extensive sample 

preparation, and involve high operational costs (Joseph, 2000). In contrast, electroanalytical 

methods have gained increasing attention in modern analytical chemistry for quantitative and 

qualitative determination due to their short analysis time, high sensitivity, high accuracy, and 

low cost. Electroanalytical chemistry focuses on the investigation of the oxidation and reduction 

behaviors of chemical species and the analytical exploitation of these processes. In particular, 

voltammetry analyzes the current–potential relationship arising from redox reactions of 

analytes occurring at the electrode surface in solution. Voltammetric techniques include 

differential pulse voltammetry (DPV), cyclic voltammetry (CV), square-wave voltammetry 

(SWV), and stripping voltammetry, which enable the determination of analytes at very low 

concentration levels (Bard et al., 2022). 

Recent studies have demonstrated that electrodes modified with carbon nanotubes, polymer 

coatings, graphene, and metal oxides significantly enhance the selectivity and sensitivity of the 

voltammetric determination of pharmaceutical compounds such as loratadine and cetirizine. 

These advanced electrode materials generate much stronger electrochemical responses due to 

their high electrical conductivity and large effective surface areas (Pushpanjali et al., 2023; 

Raeisi-Kheirabadi et al., 2021).  

As low-sedative H1 receptor antagonist antihistamines are frequently prescribed, the selective 

and sensitive determination of loratadine and cetirizine in pharmaceutical preparations and 
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biological samples has become increasingly important. In this context, voltammetric methods 

offer an effective analytical approach by exploiting the electroactive properties of these drugs, 

while providing advantages such as short analysis time, high sensitivity, and low cost. In recent 

years, nanomaterial- and polymer-modified electrodes have markedly improved the 

voltammetric signals of loratadine and cetirizine, leading to lower detection limits and enhanced 

selectivity in complex matrices. Consequently, electroanalytical studies employing various 

electrode modification strategies present a robust, rapid, and sensitive alternative for the reliable 

analysis of these antihistamines, while also making significant contributions to pharmaceutical 

quality control and clinical applications. 

2. Histamine 

Histamine, a biogenic amine, is widely distributed in nature and has been shown to exert 

important biological and pharmacological activities in living organisms. In tissues, histamine 

is synthesized from the amino acid histidine through the removal of its carboxyl group by the 

enzyme histidine decarboxylase. It serves as a key chemical mediator in the development of 

allergic diseases. Histamine is stored in granules bound to heparin and ATP within mast cells, 

basophilic leukocytes, and various other tissues throughout the body. In contrast, in 

enterochromaffin cells, the skin, and certain tissues, histamine is present in an extramastocytic 

form. In the central nervous system, histamine exists as neuronal histamine, with particularly 

high concentrations reported in hypothalamus (Maintz & Novak, 2007). 

Histamine elicits its biological effects by interacting with four distinct G protein–coupled 

receptors (GPCRs). GPCRs constitute a major receptor family responsible for a wide range of 

biological activities in humans and mediate the actions of numerous signaling molecules, 

including epinephrine, acetylcholine, histamine, and leukotrienes. The biological responses to 

histamine differ depending on the receptor subtype involved. Although the majority of 

histamine-mediated effects associated with allergic rhinitis are primarily linked to the H1 

receptor, signaling through H2, H3, and H4 receptors may also contribute. In the central nervous 

system (CNS), histamine binding to H1, H2, and H3 receptors plays a regulatory role in 

wakefulness, attention, and reaction time (Lieberman, 2011). 

2.1. Histamine Receptors 

Histamine receptors are categorized into four distinct subtypes, namely H1, H2, H3, and H4. The 

H1 receptor is the principal mediator of allergic rhinitis symptoms and is mainly expressed in 
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blood vessels and sensory nerves, where its activation increases vascular permeability, 

stimulates airway sensory nerves, and promotes eosinophil chemotaxis, leading to sneezing, 

nasal congestion, and rhinorrhea (Panula et al., 2015).  The H2 receptor is best known for 

regulating gastric acid secretion but is also present in vascular tissues and nasal mucosal glands, 

where it enhances secretory activity and may augment H1-mediated vascular effects (Parsons 

& Ganellin, 2006). The H3 receptor acts primarily as a presynaptic autoreceptor that inhibits 

norepinephrine release and increases glandular secretion, thereby contributing to nasal 

symptoms through modulation of peripheral sympathetic signaling (Panula & Nuutinen, 2013). 

The H4 receptor is expressed in numerous immune cells and tissues and promotes mast cell 

chemotaxis and chemokinesis, suggesting a role in amplifying inflammatory responses 

associated with allergic rhinitis (Thurmond, 2015). 

3. Antihistamines 

Antihistaminic drugs, also known as histamine receptor blockers, exert their effects by 

competitively antagonizing histamine at its receptors, particularly H1 receptors. H1 

antihistamines are classified into first-generation (sedating) and second-generation (non-

sedating) agents and are primarily used to relieve ocular, nasal, and throat itching, sneezing, 

rhinorrhea, lacrimation, and mild nasal congestion. However, they are generally less effective 

against nasal obstruction associated with the late inflammatory phase of allergic reactions 

(Panula et al., 2015). Clinically, these drugs are most commonly prescribed for allergic rhinitis 

and urticaria. Allergic rhinitis, a noninfectious inflammatory disorder of the nasal mucosa, is 

categorized as seasonal or perennial depending on allergen exposure, whereas urticaria results 

from histamine-mediated mast cell activation leading to pruritic wheals. H1 antihistamines are 

also used in the management of allergic conjunctivitis, atopic dermatitis, motion sickness, 

Ménière’s disease, and the common cold (Bousquet et al., 2020).  

3.1. Classical Antihistamines  

First-generation (classical) H1 receptor antagonists exhibit a rapid onset of action, with peak 

plasma concentrations generally attained within 1–2 hours and exhibiting an average duration 

of action of 4–6 hours, which may be extended up to 12 hours with sustained-release 

formulations. These agents are classified into six main chemical groups, allowing alternative 

treatment options in cases of tolerance development. Classical antihistamines are generally well 

absorbed and highly lipophilic, displaying a high affinity for central H1 receptors. Although 

their effects begin rapidly, their duration of action is relatively short, and they are predominantly 
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metabolized in the liver and eliminated via renal or gastrointestinal pathways, resulting in a 

high potential for drug–drug interactions, particularly with other hepatically metabolized drugs. 

The high lipophilicity and low molecular weight of first-generation antihistamines facilitate 

their penetration of the blood–brain barrier and widespread distribution in the central nervous 

system. Consequently, sedation, fatigue, dizziness, impaired psychomotor coordination, 

reduced attention, and agitation may occur even at therapeutic doses. In addition, their 

anticholinergic and α-adrenergic effects may cause adverse reactions such as dry mouth, blurred 

vision, urinary retention, and orthostatic hypotension, significantly limiting their clinical use 

(Simons & Simons, 2011). Based on their chemical structure, classical antihistamines are 

categorized into ethanolamines, ethylenediamines, alkylamines, piperazine derivatives, 

phenothiazines, and piperidine derivatives (Rang et al., 2011).  

3.2. Non-sedating Antihistamines 

Second-generation (non-sedating) H1 antihistamines were developed to minimize the central 

nervous system adverse effects commonly associated with first-generation agents. Their greater 

selectivity for peripheral H1 receptors, limited penetration across the blood–brain barrier, and 

active efflux via P-glycoprotein transporters result in minimal central receptor interaction and 

substantially reduced risks of sedation, psychomotor impairment, and cognitive dysfunctions 

(Simons & Simons, 2011). In addition, most second-generation antihistamines exhibit longer 

durations of action, allowing once-daily dosing, which improves patient adherence and supports 

effective symptom control without interfering with daily activities. Commonly used 

representatives of this class include loratadine, cetirizine, desloratadine, fexofenadine, and 

levocetirizine, with loratadine and cetirizine widely regarded as first-line therapies for allergic 

rhinitis and urticaria due to their rapid onset, high peripheral receptor affinity, and favorable 

safety profiles (Simons, 2004).  

Although generally safer with respect to CNS-related adverse effects, mild sedation has 

occasionally been reported—particularly with cetirizine at higher doses or in sensitive 

individuals—yet such effects remain significantly less pronounced than those observed with 

classical antihistamines and are typically clinically tolerable (Kleine‐Tebbe, 2011). Given their 

widespread clinical use and the presence of electroactive functional groups in their molecular 

structures, cetirizine and loratadine represent important analytical targets. Their ability to 

undergo electrochemical oxidation or reduction reactions enables sensitive, selective, and rapid 
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determination using voltammetric techniques, making them highly convenient for 

pharmaceutical quality control and biological monitoring applications. 

3.2.1. Voltammetric Techniques for Determination of Cetirizine 

Cetirizine is a second-generation H1 receptor antagonist characterized by high selectivity for 

peripheral H1 receptors and a generally low sedative potential. It is rapidly absorbed following 

oral administration, reaching peak plasma concentrations within a short time and exhibiting 

high bioavailability. A substantial proportion of cetirizine is excreted unchanged via the renal 

route, resulting in limited hepatic metabolism and a reduced risk of drug–drug interactions. 

Cetirizine is widely prescribed for the treatment of allergic rhinitis, chronic urticaria, and 

allergic conjunctivitis, providing effective relief from histamine-mediated symptoms such as 

sneezing, rhinorrhea, and pruritus. Although mild sedation has been reported in susceptible 

individuals, cetirizine is generally well tolerated and, owing to its favorable efficacy and safety 

profile, is considered a first-line antihistamine that requires accurate analytical determination 

in pharmaceutical and biological matrices (Pushanpajali et al., 2023). 

Voltammetric methods were developed for the sensitive and selective determination of the 

antihistaminic drug cetirizine using a poly(bromocresol purple) (poly-BCP) film–modified 

glassy carbon electrode (poly-BCP/GCE). The poly-BCP film was successfully deposited onto 

the electrode surface by electropolymerization in 0.1 M phosphate buffer solution (PBS) at pH 

6.0 over 50 cycles, and the modification was confirmed to significantly increase the effective 

surface area and reduce the charge transfer resistance, as evidenced by electrochemical 

impedance spectroscopy (EIS) and CV results. Under optimized conditions, linear 

concentration ranges of 0.2–100 µM and 0.1–100 µM were obtained for cetirizine using DPV 

and SWV, respectively, with corresponding limits of detection (LOD) of 21.8 nM for DPV and 

15.1 nM for SWV. The accuracy and precision of the proposed methods were evaluated through 

recovery studies in pharmaceutical formulations and artificial urine samples, yielding recovery 

values between 100.12% and 100.90% and relative standard deviation (%RSD) values below 

1%, demonstrating excellent accuracy and repeatability. Furthermore, the developed sensor 

exhibited good long-term stability, satisfactory fabrication reproducibility, and high selectivity 

against potential interferences in biological matrices. These results indicate that the poly-

BCP/GCE-based voltammetric methods provide a robust, reliable, and practical alternative for 

the routine pharmaceutical and biological analysis of cetirizine. (Sofu et al., 2025) 
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Pushpanjali et al. developed a poly(glutamine)-modified multiwalled carbon nanotube paste 

electrode (PGAMCNTPE) for the sensitive and reliable voltammetric determination of the 

antihistaminic drug cetirizine. The electrode surface was functionalized via 

electropolymerization of the glutamine monomer, resulting in a marked enhancement of the 

effective surface area and electrical conductivity. CV measurements performed in PBS (pH 7.0) 

revealed that cetirizine undergoes an irreversible, adsorption-controlled oxidation process at the 

modified electrode. pH-dependent studies indicated the involvement of an equal number of 

protons and electrons in the electrochemical reaction, while kinetic analyses confirmed that the 

oxidation process is dominated by a single-electron transfer. Under optimized conditions, a 

linear concentration range of 2–50 µM was obtained for cetirizine, with the LOD and limit of 

quantification (LOQ) calculated as 0.12 µM and 0.40 µM, respectively. The analytical 

performance of the method was validated in terms of repeatability (RSD ≈ 2.7%), 

reproducibility (RSD ≈ 3.6%), and short-term stability. The developed PGAMCNTPE was 

successfully applied to tablet formulations and human serum/urine samples using the standard 

addition method, yielding recovery values in the range of 95–102%. These results demonstrate 

that the proposed sensor platform offers an effective, rapid, sensitive, and low-cost 

electroanalytical approach for the determination of cetirizine in pharmaceutical and biological 

matrices. (Pushpanjali et al., 2023) 

For the sensitive and selective determination of cetirizine in biological and pharmaceutical 

samples, a carbon paste electrode (CPE) modified with a Li₂CoMn₃O₈/carbon-doped graphitic 

carbon nitride (CC₃N₄) nanocomposite and the ionic liquid (CC₃N₄/LCMO/IL/CPE) was 

developed. The electrocatalytic properties of the modified electrode were evaluated using CV, 

DPV, and EIS. The results demonstrated a significant decrease in charge-transfer resistance, 

attributed to the high surface area of the nanocomposite and the enhanced conductivity provided 

by the ionic liquid. Using DPV, two wide linear concentration ranges for cetirizine were 

obtained (0.03–0.9 µM and 3–300 µM), with a LOD of 11.8 nM. The accuracy and precision 

of the method were validated through standard addition experiments conducted in human 

plasma, urine, and tablet samples, yielding recovery values between 98.4% and 102.4% with 

low RSD values, confirming the reliability of the proposed approach. Furthermore, the 

developed sensor enabled the simultaneous determination of cetirizine, acetaminophen, and 

phenylephrine, demonstrating high selectivity and applicability in complex matrices. (Ziaie & 

Shabani-Nooshabadi, 2023) 
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A novel electrochemical sensor based on a GCE modified with hierarchical carbon 

nanofibers/carbon nanotubes decorated with NiCo alloy nanoparticles (eCNF/CNT/NiCo-

GCE) was developed for the highly sensitive determination of the antihistaminic drug cetirizine 

hydrochloride. The hierarchical nanocomposite architecture provided a large active surface 

area, high electrical conductivity, and strong electrocatalytic activity, resulting in an 

approximately eightfold enhancement of the cetirizine signal compared with the bare GCE. 

Using DPV, multiple linear concentration ranges were obtained for cetirizine (0.05–6, 7–32, 

and 42–112 µM), while the LOD and LOQ were calculated as 14 nM and 42 nM, respectively. 

The repeatability and fabrication reproducibility of the sensor were confirmed with %RSD 

values of 3.4% (n = 9) and 9.7% (n = 5), respectively. The accuracy of the established method 

was assessed through standard addition experiments performed on pharmaceutical tablet 

formulations as well as biological samples (urine and plasma), yielding recovery values in the 

range of 97–115%, thereby demonstrating the method’s reliability and applicability in complex 

matrices. These findings indicate that the eCNF/CNT/NiCo-GCE-based sensor offers an 

effective and practical alternative for the routine pharmaceutical and biological analysis of 

cetirizine (Górska et al., 2022). 

Sawkar et al. developed a CPE modified with a zinc oxide nanoparticle–graphene 

nanocomposite (ZnO–Gr/CPE) for the sensitive and reliable voltammetric determination of the 

antihistaminic drug cetirizine. Scanning electron microscopy (SEM), energy dispersive 

spectroscopy (EDS), and X-ray diffraction (XRD) analyses confirmed the homogeneous 

distribution of ZnO nanoparticles on the graphene surface and demonstrated that the 

nanocomposite provides a high effective surface area. Electrochemical studies revealed that the 

oxidation of cetirizine is a pH-dependent, diffusion-controlled, irreversible process involving 

the transfer of two protons and two electrons. Using DPV, a linear concentration range of 0.05–

4 µM was obtained, with LOD and LOQ calculated as 28 nM and 91 nM, respectively. The 

accuracy and selectivity of the developed sensor were validated through interference studies, 

which demonstrated that common pharmaceutical excipients exert negligible effects on the 

analytical signal. The applicability of the method was further confirmed by standard addition 

experiments performed on tablet formulations and urine samples, yielding recovery values in 

the range of 92.7–99.8% with low %RSD values. These results indicate that the ZnO–Gr/CPE-

based sensor offers a stable, reproducible, and effective analytical platform for the 

determination of cetirizine in real samples (Sawkar et al., 2022). 
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experiments performed on tablet formulations and urine samples, yielding recovery values in 

the range of 92.7–99.8% with low %RSD values. These results indicate that the ZnO–Gr/CPE-

based sensor offers a stable, reproducible, and effective analytical platform for the 

determination of cetirizine in real samples (Sawkar et al., 2022). 

 

 

A voltammetric method based on a cetyltrimethylammonium bromide (CTAB)-immobilized 

multiwalled carbon nanotube paste electrode (CTAB/MWCNTPE) was developed for the 

sensitive and selective determination of the antihistaminic drug cetirizine dihydrochloride. 

Adsorption of the cationic surfactant onto the nanotube surface significantly increased the 

electroactive surface area, reduced the charge-transfer resistance, and markedly enhanced the 

electrocatalytic oxidation of cetirizine. CV measurements performed in PBS (pH 7.0) yielded a 

linear concentration range of 10–100 µM for cetirizine, while the LOD and LOQ were 

calculated as 0.27 µM and 0.92 µM, respectively. Kinetic studies demonstrated that the 

electrochemical processes are adsorption-controlled and irreversible, and the repeatability, 

reproducibility, and stability of the developed electrode were confirmed by low %RSD values. 

The analytical applicability of the proposed method was evaluated through standard addition 

experiments conducted on pharmaceutical tablet samples, yielding recovery values between 

99.3% and 99.9%. These results indicate that the CTAB/MWCNTPE-based sensor provides a 

reliable and effective platform for the routine pharmaceutical analysis of cetirizine (Pushpanjali, 

Manjunatha, Sreeharsha et al., 2021). 

In another study, a carbon nanotube paste electrode (CNTPE) modified with an 

electropolymerized poly(L-leucine) layer (poly(L-Leu)/CNTPE) was developed for the 

sensitive and selective determination of the antihistaminic drug cetirizine in the presence of the 

coexisting analyte paracetamol. The formation of a thin and conductive polymer film via the 

electrochemical polymerization of L-leucine on the carbon nanotube surface significantly 

increased the electroactive surface area of the electrode, reduced the charge-transfer resistance, 

and resulted in an approximately sevenfold enhancement of the cetirizine oxidation signal. 

Under optimized conditions, CV yielded a linear concentration range of 5–50 µM for cetirizine, 

with a LOD of 0.17 µM. Kinetic studies indicated that the electrochemical process is diffusion-

controlled and irreversible, while pH-dependent investigations revealed that the numbers of 

electrons and protons involved in the reaction are approximately equal. The developed electrode 

enabled the simultaneous determination of cetirizine and paracetamol, exhibiting good 

selectivity. The accuracy and applicability of the method were validated through standard 

addition experiments performed on pharmaceutical tablet formulations and biological samples 

(human serum and urine), yielding recovery values in the range of 96.49–99.85%. These 

findings demonstrate that the poly(L-Leu)/CNTPE-based sensor provides an effective, stable, 

and reliable analytical platform for the routine determination of cetirizine in pharmaceutical 

and biological matrices (Pushpanjali, Manjunatha, Hareesha et al., 2021). 
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For the rapid, low-cost, and practical determination of cetirizine hydrochloride, a single-use 

electrochemical sensor based on SWV was developed using a pretreated graphite pencil 

electrode (p-GP). Comparative studies with various carbon-based electrodes demonstrated that 

the p-GP exhibited the lowest charge-transfer resistance and the highest oxidation current, as 

confirmed by EIS and CV. Cetirizine was found to undergo an irreversible oxidation process at 

approximately +1.0 V in Britton–Robinson buffer (BRB) at pH 2.0. Under optimized SWV 

conditions, a linear concentration range of 0.5–10. µM was achieved, with a LOD of 0.16 µM. 

The analytical performance of the proposed method was evaluated in terms of linearity, 

sensitivity, and repeatability, and the sensor demonstrated high selectivity in the presence of 

common interfering species such as ascorbic acid, dopamine, and uric acid. The applicability 

of the method was assessed using antihistaminic syrup samples via the standard addition 

method, and the obtained results showed good agreement with the labeled values. These 

findings indicate that the p-GP-based sensor offers a simple, economical, and reliable 

alternative for the pharmaceutical analysis of cetirizine (Karakaya & Dilgin, 2019). 

An adsorptive stripping differential pulse voltammetry (AdSDPV) method based on a CPE 

modified with a multiwalled carbon nanotube–platinum nanoparticle (MWCNT–PtNP) 

nanocomposite (MWCNT–PtNPs–CPE) was developed for the simultaneous and highly 

sensitive determination of paracetamol, cetirizine, and phenylephrine in pharmaceutical and 

biological samples. The nanocomposite structure was confirmed by transmission electron 

microscopy (TEM), SEM, XRD, and energy-dispersive X-ray (EDX) analyses, and the 

synergistic interaction between MWCNTs and PtNPs resulted in a marked enhancement of the 

electroactive surface area and electrical conductivity, accompanied by a significant reduction 

in charge-transfer resistance, as evidenced by electrochemical EIS results. Under optimized 

conditions, a linear concentration range of 0.19–193 µM was obtained for cetirizine, with a 

LOD of 58.6 nM; similarly, wide linear ranges and low LOD values were achieved for 

paracetamol and phenylephrine. The accuracy, precision, and selectivity of the method were 

demonstrated through validation studies performed on single-, binary-, and ternary-component 

mixtures, confirming good peak separation during simultaneous analysis. The developed sensor 

was successfully applied to commercial pharmaceutical formulations as well as urine and 

human serum samples using the standard addition method, yielding recovery values in the range 

of 97–101% with low %RSD values. These results indicate that the MWCNT–PtNPs–CPE-

based AdSDPV method provides a powerful and reliable electrochemical platform for the 
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routine and sensitive analysis of multicomponent pharmaceutical combinations in complex 

matrices (Kalambate & Srivastava, 2016). 

A GCE modified with a MWCNT film (MWCNT/GCE) was developed for the sensitive and 

selective voltammetric determination of the antihistaminic drug cetirizine dihydrochloride. The 

MWCNT modification increased the electroactive surface area of the electrode by 

approximately threefold and provided a pronounced electrocatalytic effect toward cetirizine 

oxidation, resulting in a significant enhancement of the oxidation peak current compared with 

the bare GCE. CV studies conducted in PBS (pH 3.0) revealed that cetirizine undergoes an 

irreversible, adsorption-controlled oxidation process. Under optimized conditions, a linear 

concentration range of 0.5–10 µM was obtained for cetirizine, and the LOD was calculated as 

70.7 nM. The accuracy and precision of the proposed method were validated through standard 

addition and recovery studies performed on pharmaceutical tablet formulations and urine 

samples, yielding recovery values between 98.9% and 101.5% with low %RSD values. In 

addition, interference studies demonstrated that the effects of common excipients and biological 

matrix components were negligible. These findings indicate that the MWCNT/GCE-based 

sensor offers a sensitive, rapid, and practical analytical approach for the reliable determination 

of cetirizine in pharmaceutical quality control and biological samples. (Patil et al., 2011).  

3.2.2. Voltammetric Techniques for Determination of Loratadine 

Loratadine is a second-generation H1 receptor antagonist with low sedative potential and high 

selectivity for peripheral H1 receptors. Its limited penetration of the blood–brain barrier and P-

glycoprotein–mediated efflux result in minimal central nervous system effects. After oral 

administration, loratadine is rapidly absorbed and metabolized by cytochrome P450 enzymes 

to its active metabolite desloratadine, contributing to a long duration of action that enables 

effective once-daily dosing. Loratadine is widely used in the management of allergic rhinitis, 

chronic urticaria, and allergic conjunctivitis, providing effective relief from histamine-mediated 

symptoms while largely avoiding the sedative and anticholinergic adverse effects associated 

with first-generation antihistamines. Owing to its favorable safety profile and clinical efficacy, 

loratadine is regarded as a first-line antihistamine and represents an important active 

pharmaceutical ingredient requiring accurate analytical determination (Roushani et al., 2017). 

For the simultaneous electrochemical determination of paracetamol, phenylephrine 

hydrochloride, and loratadine, which are commonly co-formulated in cold relief medications, 

an SWV-based method was developed using a low hydrogen-terminated boron-doped diamond 
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electrode (BDDE). Owing to the wide potential window of the BDDE, the three analytes 

exhibited well-resolved, diffusion-controlled, and irreversible oxidation peaks in an acidic 

medium (0.1 M H₂SO₄). The method employed both conventional linear calibration and 

multiple linear regression (MLR)-based calibration strategies to overcome interference arising 

from large concentration ratios among the analytes. The MLR approach significantly improved 

the accuracy, particularly for phenylephrine hydrochloride and loratadine at low concentration 

levels, and the results were shown to be statistically consistent with those obtained by an 

HPLC–UV method at the 95% confidence level. The developed SWV method demonstrated 

high precision (%RSD < 2.3%), good selectivity, and recovery values ranging from 92.4% to 

98.8% in urine samples. With its rapid, low-cost, and solvent-free operation, the proposed 

method offers an environmentally friendly and effective alternative for the routine analysis of 

multicomponent pharmaceutical formulations (Salamanca-Neto et al., 2021). 

For the sensitive and reliable determination of loratadine at low concentration levels, a SWV-

based method was developed using a NiO nanoparticle-modified carbon paste electrode (NiO–

CPE). The incorporation of amorphous NiO nanoparticles synthesized via a sol–gel method 

significantly enhanced the oxidation current of loratadine due to the electrocatalytic activity of 

the Ni(II)/Ni(III) redox couple, thereby improving analytical performance. Experimental 

conditions were systematically optimized using response surface methodology, and under 

optimal parameters, a linear concentration range of 30–960 nM was obtained for loratadine. 

The LOD and LOQ were calculated as 1.40 ± 0.27 nM and 4.60 ± 0.40 nM, respectively. The 

accuracy, precision, and selectivity of the method were validated through statistical analysis, 

interference studies, and long-term stability tests, demonstrating that the electrode remained 

stable for at least five months. The developed NiO–CPE-based sensor was successfully applied 

to pharmaceutical tablet formulations and human serum samples, yielding recovery values 

between 97% and 102%, thereby confirming its suitability as a sensitive, reliable, and practical 

analytical platform for loratadine determination in complex biological matrices (Raeisi-

Kheirabadi et al., 2021). 

For the sensitive and selective determination of the second-generation antihistamine loratadine 

in pharmaceutical formulations and biological samples, a linear sweep cathodic stripping 

voltammetry (LS-CSV) method based on a bismuth film electrode (BiFE) was developed. The 

BiFE was selected due to its non-toxic nature and environmentally friendly properties as an 

alternative to mercury electrodes. In particular, the presence of the cationic surfactant CTAB 
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in pharmaceutical formulations and biological samples, a linear sweep cathodic stripping 

voltammetry (LS-CSV) method based on a bismuth film electrode (BiFE) was developed. The 
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alternative to mercury electrodes. In particular, the presence of the cationic surfactant CTAB 

 

 

significantly enhanced the electrochemical reduction signal of loratadine. Under optimized 

conditions, loratadine underwent an irreversible, diffusion-controlled reduction process 

governed by an adsorption mechanism at approximately −1.48 V in BRB (pH 7.0, 4 mM 

CTAB). A linear concentration range of 1.30–14.3 µM was obtained, with a LOD of 0.12 µM. 

The accuracy and repeatability of the method were confirmed by low %RSD values, and the 

proposed voltammetric approach was successfully applied to tablet formulations and urine 

samples using the standard addition method, yielding recovery values between 95.2% and 

107.5%. These results demonstrate that the BiFE/CTAB-based LS-CSV method provides a 

rapid, cost-effective, environmentally benign, and reliable analytical alternative for the routine 

pharmaceutical and biological analysis of loratadine (Önal et al., 2021). 

For the selective and sensitive determination of the second-generation antihistamine loratadine, 

a novel electrochemical sensor based on a molecularly imprinted polymer (MIP) coated silicon 

carbide nanoparticle–modified glassy carbon electrode (MIP/SiCNP/GCE) was developed. The 

MIP was synthesized via bulk polymerization using methacrylic acid as the functional monomer 

and loratadine as the template molecule, creating specific binding cavities for the target analyte 

and thereby significantly enhancing sensor selectivity. Surface characteristics and modification 

steps were confirmed by SEM, FT-IR, Brunauer–Emmett–Teller (BET) analysis, and EIS, 

demonstrating improved electrochemical performance due to the wide potential window and 

low background current of SiC nanoparticles. Using DPV in BRB (pH 2.0), a linear 

concentration range of 1–33 µM was obtained for loratadine, with a LOD of 0.15 µM (S/N = 

3). The sensor exhibited good repeatability (%RSD ≤ 3.1%), satisfactory fabrication 

reproducibility, and long-term stability, along with high selectivity against structurally similar 

compounds, including cetirizine and hydroxyzine. The developed method was successfully 

applied to tablet formulations and human serum samples using the standard addition method, 

yielding recovery values between 94% and 101%. These findings demonstrate that the 

MIP/SiCNP/GCE-based sensor provides a reliable, cost-effective, and practical platform for the 

determination of loratadine in pharmaceutical and biological matrices. (Roushani et al., 2017) 

For the simple, rapid, and environmentally friendly determination of loratadine in 

pharmaceutical formulations, a SWV-based method was developed using a cathodically 

pretreated BDDE. Owing to the wide potential window and low background current of the 

BDDE, loratadine was shown to undergo an irreversible, diffusion-controlled single-electron 

oxidation process at approximately +1.67 V (Ag/AgCl), while no detectable signal was 
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observed at a GCE, highlighting the superiority of the BDDE. Under optimized conditions (0.5 

M HClO₄), a linear concentration range of 0.98–19 µM was obtained with a LOD of 0.78 µM. 

The repeatability of the method was confirmed by low %RSD values, and the approach enabled 

multiple measurements without requiring surface renewal or solution deoxygenation. The 

proposed SWV method was successfully applied to tablet and liquid pharmaceutical samples, 

yielding recovery values between 93.4% and 97.1%. In addition, the results were statistically 

consistent with those obtained by a comparative spectrophotometric method at the 95% 

confidence level, demonstrating that the BDDE-based approach provides a practical, reliable, 

and eco-friendly alternative for the routine quality control analysis of loratadine (Eisele & 

Sartori, 2015).  

4. Conclusions and Recommendations 

In this section, the sensitive and selective determination of cetirizine and loratadine, which are 

second-generation, non-sedative H1 receptor antagonists widely used in the treatment of allergic 

diseases such as urticaria, allergic rhinitis, and atopic dermatitis, has been comprehensively 

evaluated using voltammetric techniques. Based on the fundamental principles of 

electrochemical analysis, the effectiveness of voltammetric methods was investigated 

employing bare and variously modified electrodes, and the analytical performances of CV, DPV 

and SWV were systematically compared. 

The literature data summarized in the comparative tables (Table 1 and Table 2) clearly 

demonstrate that electrochemical techniques offer significant advantages over conventional 

analytical methods (e.g., HPLC, LC–MS, and spectrophotometry), including low LOD, wide 

linear dynamic ranges, high recovery values, short analysis time, low cost, and environmentally 

friendly operation. Among the investigated methods, DPV emerged as the most frequently 

employed technique, followed by CV and SWV, primarily due to its superior sensitivity and 

suitability for trace-level analysis in both pharmaceutical formulations and biological matrices. 

Electrode modification strategies were shown to play a crucial role in enhancing analytical 

performance. The voltammetric responses of cetirizine at CC₃N₄/LCMO/IL/CPE, 

eCNF/CNT/NiCo–GCE, and Poly-BCP/GCE, as well as loratadine at NiO–CPE, were 

markedly enhanced due to the high electrical conductivity and enlarged effective surface areas 

of these modified electrodes. Comparative evaluation of the tabulated results indicates that such 

modifications effectively lower detection limits and improve matrix tolerance. Moreover, the 

reported sensors were successfully applied not only to pharmaceutical dosage forms but also to 
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markedly enhanced due to the high electrical conductivity and enlarged effective surface areas 

of these modified electrodes. Comparative evaluation of the tabulated results indicates that such 

modifications effectively lower detection limits and improve matrix tolerance. Moreover, the 

reported sensors were successfully applied not only to pharmaceutical dosage forms but also to 
 

 

complex biological matrices such as human urine and plasma, confirming the robustness and 

applicability of electrochemical techniques for clinical monitoring, dosage control, and 

pharmaceutical quality assurance. 

A comparative assessment of cetirizine and loratadine further revealed that, despite both being 

second-generation H1 receptor antagonists, they exhibit distinct electroanalytical behaviors 

attributable to differences in their molecular structures. As evidenced by the tabulated data, 

cetirizine, due to the presence of ionizable functional groups, generally undergoes oxidation at 

lower potentials and follows adsorption-controlled electrochemical processes, enabling the 

achievement of lower LOD values, particularly when nanomaterial- and polymer-modified 

electrodes are employed. In contrast, loratadine, owing to its more hydrophobic nature and 

extended aromatic system, typically exhibits oxidation at more positive potentials and is more 

effectively determined using BDDEs with wide potential windows or MIP-based sensors that 

provide enhanced selectivity. These findings underscore the importance of drug-specific 

electrode design in achieving optimal analytical performance. 

Based on the overall findings, the integration of electrochemical analytical techniques into 

clinical practice and pharmaceutical quality control processes is strongly recommended. In 

particular, the development of user-friendly, portable, and disposable electrochemical sensor 

platforms could facilitate rapid monitoring of drug levels in clinical or home settings, thereby 

supporting personalized treatment strategies. Furthermore, considering the environmental and 

biological hazards associated with mercury-based electrodes, a shift toward carbon-based and 

nanomaterial-supported electrodes represents a more sustainable and safer analytical approach. 

In conclusion, continued support for innovative electrode modification strategies and 

voltammetric methodologies will contribute significantly to the development of faster, more 

reliable, and more sensitive analytical techniques for the determination of antihistaminic drugs 

and other pharmaceutical compounds. 
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Leyla ATAÇ DOĞAN 1. Introduction: The Paradigm Shift in the Biochemical Identity of ATP 
 
Within the field of biochemistry, Adenosine 5′-triphosphate (ATP) was long characterized 
solely as the thermodynamic fuel essential for cellular life. As the primary output of 
mitochondrial oxidative phosphorylation and cytosolic glycolysis, this molecule earned the 
designation of "universal energy currency" by driving endergonic reactions through the 
hydrolysis of its high-energy phosphoanhydride bonds (free energy change ≈ -7.3 kcal/mol). 
However, empirical evidence gathered over the past five decades demonstrates that ATP 
operates far beyond intracellular limits, serving as a central element in a sophisticated 
intercellular communication network. ATP and its catabolic products (Adenosine diphosphate; 
ADP, Adenosine monophosphate AMP, and adenosine) constitute the core components of an 
evolutionarily conserved and complex signaling system known as "purinergic signaling (Dunn 
& Grider, 2025)." 
 
This conceptual shift originated with the "purinergic neurotransmission" hypothesis proposed 
by Geoffrey Burnstock in 1972 (Burnstock, 1972). Burnstock identified physiological 
responses in gastrointestinal and vascular tissues that persisted despite traditional cholinergic 
and adrenergic blockades, labeling this as "non-adrenergic, non-cholinergic" (NANC) 
transmission and attributing the process to ATP. Initially regarded with skepticism, this 
hypothesis has evolved into a fundamental biological dogma recognized across diverse fields, 
including neurobiology, immunology, embryology, and oncology (Burnstock, 1972). 
 

1.1.Extracellular Nucleotide Dynamics and Purinergic Signal Transduction 
 
Cellular homeostasis depends on a profound ATP concentration gradient between the internal 
and external environments of the plasma membrane. While ATP concentrations in the cytosol 
reach millimolar levels (3–10 mM), they are strictly maintained at nanomolar levels (1–10 nM) 
in the extracellular space. This massive million-fold gradient allows the release of ATP into the 
extracellular environment to be instantly recognized by adjacent cells as a signal of 
"emergency," "damage," or "activation" (Damage-Associated Molecular Pattern - DAMP) 
(Feng et al., 2020). 
 
The translocation of ATP to the extracellular space is governed by highly specific mechanisms 
rather than simple passive leakage. Key pathways include the calcium-dependent exocytosis of 
synaptic vesicles, transport via connexin (notably Connexin 43) and pannexin (Pannexin-1) 
hemichannels, and the role of vesicular nucleotide transporters (VNUT). Conversely, 
pathological states such as mechanical stress, hypoxia, ischemia, or direct membrane rupture 
(necrosis) trigger an uncontrolled and substantial release of ATP, thereby initiating local 
inflammatory responses (Xiong et al., 2018). 
 
Extracellular nucleotides and nucleosides exert their physiological effects through specialized 
receptors on the cell membrane. These are categorized into two primary superfamilies based on 
their structural characteristics and ligand preferences: P1 (Adenosine) and P2 (Nucleotide) 
receptors (Table 1) (Huang et al., 2021; Jacobson et al., 2012). 
 

1.2. P1 Receptors: Adenosine-Mediated Immunomodulation and Signaling 
 
P1 receptors (A1, A2A, A2B, A3), which belong to the G-protein coupled receptor (GPCR) 
family, are sensitive to adenosine—the final byproduct of ATP degradation by ecto-
nucleotidases—rather than ATP itself. Adenosine signaling is typically activated during periods 
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of metabolic stress or energy depletion, facilitating cytoprotective and anti-inflammatory 
responses to maintain tissue integrity (Jacobson et al., 2012). 
 
Intracellular signaling pathways vary depending on the specific G-protein coupled with the 
receptor: 
A1 and A3 Receptors (Gi/o-coupled): Activation of these receptors inhibits adenylate cyclase, 
leading to a decrease in intracellular cyclic AMP (cAMP) levels. Concurrently, G-protein beta-
gamma subunits trigger the opening of potassium (K+) channels, increasing K+ efflux and 
causing membrane hyperpolarization. This mechanism results in the suppression of neuronal 
excitability and a reduction in heart rate (negative chronotropic effect) (Jacobson et al., 2012). 
 
A2A and A2B Receptors (Gs-coupled): In contrast, this group stimulates adenylate cyclase, 
raising intracellular cAMP concentrations. The A2A receptor, in particular, acts as a vital 
"brake" for immune cells. During inflammation, elevated adenosine levels limit T-cell 
activation via A2A receptors and suppress the production of inflammatory cytokines, thereby 
promoting a resolution process that minimizes tissue damage (Jacobson et al., 2012). 
 
 

1.3. P2 Receptors: Ionotropic and Metabotropic Signaling 
 
The P2X and P2Y Families P2 receptors, which respond to nucleotides such as ATP, ADP, 
UTP, and UDP, are categorized into two distinct classes based on their signal transduction 
mechanisms: ionotropic (P2X) and metabotropic (P2Y) receptors (Jacobson et al., 2012). 
 
P2X Receptors Functioning as ligand-gated cation channels, P2X receptors are specifically 
activated by extracellular ATP. In mammals, seven subunits (P2X1 through P2X7) have been 
identified, which assemble into either homomeric or heteromeric trimers. The binding of ATP 
induces a conformational change that facilitates the opening of the channel pore, allowing for 
the influx of sodium (Na+), K+, and notably, calcium (Ca2+) ions. This rapid ionic flux 
regulates physiological processes occurring within milliseconds, ranging from synaptic 
transmission to muscular contraction (Jacobson et al., 2012; Xiong et al., 2018). 
 
Structural analysis reveals that P2X receptors possess a trimeric architecture, where each 
subunit consists of two transmembrane domains (TM1 and TM2) and an extensive extracellular 
ectodomain. This configuration is often described in scientific literature through a "dolphin-
like" analogy, where the transmembrane regions represent the tail and the extracellular loop 
forms the body. The ATP-binding pocket is situated at the interface of two adjacent subunits 
rather than on a single subunit. Upon ligand binding, the channel opens via an "iris-like" 
expansion mechanism (Oken et al., 2022). 
 
The P2X7 receptor stands out as a unique member of this family due to its low affinity, requiring 
high concentrations of ATP—typically associated with inflammation or cell death—for 
activation. Prolonged stimulation of P2X7 leads to the formation of large pores in the plasma 
membrane that are permeable to macromolecules. This process triggers the intracellular NLR 
family pyrin domain containing 3 (NLRP3) inflammasome complex, resulting in the maturation 
and release of potent pro-inflammatory cytokines such as Interlökin- (IL) -1β, thereby 
positioning P2X7 as a central mediator in chronic inflammation (Kong et al., 2022). 
 
P2Y Receptors In contrast to ionotropic channels, the P2Y family consists of GPCRs and 
includes eight functional subtypes: P2Y1, 2, 4, 6, 11, 12, 13, and 14. These receptors exhibit a 
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"serpentine" (seven-transmembrane) topology and transmit slower but more sustained signals 
via G-protein activation upon ligand binding (Jacobson et al., 2012). 
 
Gq-Coupled (P2Y1, 2, 4, 6): These receptors activate phospholipase C (PLC), which generates 
inositol trisphosphate (IP3) and diacylglycerol (DAG), subsequently triggering the mobilization 
of intracellular Ca2+ (Jacobson et al., 2012). 
 
Gi-Coupled (P2Y12, 13, 14): These subtypes inhibit adenylate cyclase, thereby reducing the 
production of cAMP (Gachet, 2012; Jacobson et al., 2012). 
 
The P2Y12 receptor is particularly significant from a clinical perspective. It is highly expressed 
on platelets and is selective for ADP. The binding of ADP initiates platelet aggregation and 
thrombus formation through the Gi pathway. This mechanism is the primary target for 
antiplatelet medications such as clopidogrel and ticagrelor, which block the receptor to decrease 
the risk of myocardial infarction and stroke (Gachet, 2012; Jia et al., 2015). 
 
Table 1: Purinergic Receptor Superfamilies and Their Functional Characteristics 
Receptor Signaling Pathway Physiological / Clinical Significance 
A1 & A3 Gi/o-coupled (cAMP 

reduction, K+ efflux 
enhancement) 

Hyperpolarization, neuronal inhibition, and 
reduction in heart rate (Thiel et al., 2003). 

A2A & 
A2B 

Gs-coupled (Elevation of 
intracellular cAMP) 

Immune "brake" mechanism and suppression of 
inflammatory responses (Thiel et al., 2003). 

P2X7 Macropore formation NLRP3 inflammasome activation and pro-
inflammatory (IL-1β) mediation (Kong et al., 
2022). 

P2Y1, 2, 
4, 6 

Gq-coupled (PLC → 
IP3/DAG → Ca2+ 
mobilization) 

Mobilization of intracellular Ca2+ ions (Jacobson 
et al., 2012).  

P2Y12 Gi-coupled (Inhibition of 
cAMP production) 

Platelet aggregation (Primary target for 
Clopidogrel/Ticagrelor) (Cheng, 2012; Gachet, 
2012; Jia et al., 2015).  

 
1.4.Purinergic Signal Termination: Ectonucleotidases and Enzymatic Control 

 
Because the uncontrolled presence of extracellular ATP can lead to tissue damage, this 
signaling system is maintained under rigorous enzymatic oversight. Ectonucleotidase enzymes 
catalyze the removal of phosphate groups from ATP to convert it into adenosine; thus, the 
"danger" signal (ATP) is transformed into a "healing/suppressive" signal (adenosine) (Shen et 
al., 2025). 
 
CD39 (ENTPD1) serves as the pivotal enzyme in this process, rapidly hydrolyzing ATP and 
ADP into AMP through its apyrase activity. Particularly prevalent on regulatory T cells (Tregs) 
and the vascular endothelium, CD39 functions to eliminate pro-inflammatory signals (Shen et 
al., 2025). The final step of this enzymatic cascade is executed by CD73 (Ecto-5′-nucleotidase), 
which converts AMP into adenosine. The resulting adenosine stimulates P1 receptors to 
terminate the inflammatory response (Shen et al., 2025). However, malignant cells can exploit 
this mechanism by generating a dense "adenosine halo" in their microenvironment, allowing 
them to evade cytotoxic T cells.  The signaling process concludes when adenosine is either 
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recaptured into the cell or converted into inosine by adenosine deaminase (ADA) (Table 2) 
(Sharma et al., 2023).  
 
Table 2: Mechanisms of Signal Termination and Enzymatic Conversion 
Enzyme Biochemical Function Physiological Outcome 
CD39 (ENTPD1) Hydrolysis of ATP / ADP 

into AMP 
Eradication of pro-inflammatory 
signaling (Shen et al., 2025). 

CD73 Conversion of AMP into 
Adenosine 

Induction of anti-inflammatory (P1) 
pathways (Shen et al., 2025). 

ADA (Adenosine 
Deaminase) 

Deamination of 
Adenosine to Inosine 

Definitive cessation of the purinergic 
signal (Sharma et al., 2023). 

 
In summary, the purinergic system is a multi-layered communication network that coordinates 
organismal homeostasis, danger perception, and immune responses. The delicate equilibrium 
between the pro-inflammatory "stimulatory" role of ATP and the anti-inflammatory 
"tranquilizing" effect of adenosine is vital for tissue health (Figure 1). Disruption of this 
balance underlies various pathologies, including thrombosis, autoimmune diseases, and cancer. 
Consequently, P2 receptor antagonists and CD39/CD73 modulators represent some of the most 
promising targets in contemporary pharmacology (Huang et al., 2021; Shen et al., 2025). 
 

 
Figure 1. The Role of Purinergic Signaling Pathways in the Regulation and Resolution of 
the Inflammatory Response: The transition of the immune response from the pro-
inflammatory phase to the anti-inflammatory resolution phase, driven by changes in 
extracellular purine concentrations following tissue injury or infection, is modulated through 
three primary stages: A) Inflammatory Phase (ATP Accumulation): As a consequence of 
cellular stress, injury, or necrosis, ATP is released into the extracellular space at high 
concentrations, where it functions as a DAMP. Extracellular ATP (eATP) initiates the pro-
inflammatory cascade by activating ionotropic P2X7 and metabotropic P2Y2 receptors. P2X7 
activation triggers the assembly of the NLRP3 inflammasome complex via intracellular K+ 
efflux, leading to the maturation and secretion of the pro-inflammatory cytokines IL-1β and 
TNF-α. Simultaneously, P2Y2 signaling induces the Mitogen-Activated Protein Kinase 
(MAPK) and Nuclear Factor kappa-B (NF-κB) pathways, promoting M1-type macrophage 
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polarization and acute inflammation. B) Transformation Phase (Ectonucleotidase Cascade): 
The enzymatic hydrolysis of extracellular purines serves as a critical "metabolic switch" to 
bring the inflammatory process under control. Among the ectonucleotidases, CD39 (ENTPD1) 
hydrolyzes extracellular ATP and ADP into AMP, while CD73 (5'-nucleotidase) converts AMP 
into adenosine (ADO). This enzymatic conversion facilitates the termination of pro-
inflammatory P2 receptor signaling and the initiation of anti-inflammatory P1 signaling. C) 
Resolution Phase (Adenosinergic Signaling): Accumulated extracellular adenosine binds to 
high-affinity G-protein coupled A2A and A2B receptors. This interaction increases intracellular 
cAMP levels, thereby suppressing pro-inflammatory NF-κB activity. As a result of this 
molecular inhibition, the expression of anti-inflammatory cytokines (IL-10 and TGF-beta) 
increases, supporting tissue repair and immune homeostasis. To restore systemic homeostasis, 
adenosine is either converted to inosine by the ADA (Adenosine Deaminase) enzyme or 
removed from the extracellular space through cellular re-uptake via ENT/CNT transporters 
(Huang et al., 2021). 
 
 

2. Genetic Foundations and Polymorphisms of Purinergic Signaling 
 
The central role of the purinergic system in physiological processes dictates that genetic 
variations within this system directly influence disease susceptibility and pharmacological 
response (Huang et al., 2021). Single nucleotide polymorphisms (SNPs) can disrupt purinergic 
equilibrium by altering receptor affinity, enzymatic activity, and protein expression levels 
(Guerini et al., 2022). The human P2RX7 gene, in particular, exhibits high polymorphic 
diversity. Mutations occurring at the C-terminal end or the extracellular loop of the protein can 
dramatically shift the receptor's sensitivity to ATP or its channel-opening kinetics (Gartland et 
al., 2012). 
 
Specifically, certain loss-of-function mutations in the P2X7 receptor may exert a protective 
effect against autoimmune conditions, such as rheumatoid arthritis, by decreasing the release 
of pro-inflammatory cytokines like IL-1β and IL-18. Conversely, gain-of-function 
polymorphisms are associated with heightened sensitivity to chronic pain and various 
neuropsychiatric disorders, including depression (Guerini et al., 2022). 
 
In cardiovascular pharmacology, variations in the P2RY12 gene are among the most significant 
genetic factors. Specific haplotypes in the P2Y12 receptor can trigger an exaggerated platelet 
response to ADP, thereby increasing the risk of atherothrombotic events. Beyond genetic 
differences in the metabolism of prodrugs like clopidogrel, structural changes in the P2Y12 
receptor itself contribute to "antiplatelet resistance," impacting the clinical risk of myocardial 
infarction and stroke (Jia et al., 2015; Nie et al., 2017). 
 
This genetic diversity extends to the enzymatic level. Polymorphisms in the ENTPD1 (CD39) 
and NT5E (CD73) genes are critical determinants of ATP and adenosine concentrations within 
the tissue microenvironment (Adhikary et al., 2020; St Hilaire et al., 2011). Genetic variants 
that enhance CD39 expression can accelerate cancer progression by rapidly depleting the 
"danger signal" ATP and expanding the immunosuppressive adenosine halo, which facilitates 
evasion from cytotoxic T cells (Adhikary et al., 2020; Maloney et al., 2017). In contrast, lower 
genetic levels or downregulation of these enzymes in Inflammatory Bowel Diseases (IBD) 
allow the pro-inflammatory effects of ATP to remain dominant, delaying mucosal healing and 
exacerbating chronic inflammation (Shen et al., 2025). 

3. Purinergic Dysregulation in the Immunopathogenesis of IBD Diseases  
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IBD, encompassing chronic pathologies such as Crohn’s disease and ulcerative colitis, are 
systemic disorders characterized by the loss of intestinal epithelial barrier integrity (Diezmos 
et al., 2016). These conditions arise from complex interactions between genetic predisposition, 
microbiota dysbiosis, and impaired mucosal immunity. Recent mechanistic studies highlight 
the critical role of extracellular nucleotide imbalance in this pathological process (Diezmos et 
al., 2016). While homeostasis is maintained in a healthy intestinal mucosa, concentrations of 
ATP in luminal and interstitial compartments rise significantly above physiological limits 
during active disease phases. This "purinergic storm" results from a combination of passive 
leakage from necrotic or apoptotic enterocytes, active vesicular secretion from activated 
neutrophils and eosinophils, and extracellular ATP produced by commensal bacteria in the gut 
lumen (Longhi et al., 2017). 
 
The high concentration of ATP accumulating in the environment functions as a classic DAMP. 
This molecular stimulus activates low-affinity P2X7 receptors located on macrophages and 
dendritic cells within the lamina propria. The activation of P2X7 receptors triggers the assembly 
of the NLRP3 inflammasome complex via intracellular potassium loss (K+ efflux) (Kong et al., 
2022). This process facilitates the conversion of pro-caspase-1 into active caspase-1, ultimately 
leading to the proteolytic maturation and secretion of potent pro-inflammatory cytokines, 
interleukin-1 beta (IL-1β) and interleukin-18 (IL-18). Furthermore, overstimulation of the 
P2X7 receptor induces a form of inflammatory lytic cell death known as "pyroptosis" in 
enterocytes, further compromising epithelial barrier permeability. This promotes a "vicious 
cycle" of inflammation by increasing bacterial translocation (Kong et al., 2022). 
 
Clinical data confirm that P2X7 receptor expression in colon biopsies from patients with active 
IBD correlates positively with the disease activity index (Cheng et al., 2021). However, the 
primary factor in pathological progression is not only the increase in ATP but also the 
deficiency of ectonucleotidase enzymes (CD39 and CD73) required to terminate this signal 
(Cheng et al., 2021). In normal physiology, the CD39/CD73 axis should suppress inflammation 
by converting ATP into anti-inflammatory adenosine; however, this axis is downregulated in 
the vascular endothelium and Tregs of IBD patients (Cheng et al., 2021). This deficit in 
adenosine production prevents the development of immune tolerance typically mediated 
through A2A and A2B receptors. Consequently, the pro-inflammatory ATP signal remains 
dominant, leading to chronic tissue damage. In this context, the use of P2X7 antagonists or the 
pharmacological restoration of CD39/CD73 activity provides a robust rational framework for 
next-generation therapies aimed at mucosal healing (Cheng et al., 2021). 
 

4. Metabolic Reprogramming in the Tumor Microenvironment: The 
Immunosuppressive Role of Purinergic Signaling 

 
Oncological research has demonstrated that the progression of solid tumors is dictated not only 
by the genetic characteristics of the malignant cells but also by the dynamics of the surrounding 
tumor microenvironment (TME) (Gardani et al., 2024; Zanoni et al., 2022). The TME is 
characterized by profound hypoxia, acidosis, and nutrient deprivation, resulting from rapid 
cellular proliferation, inadequate vascularization, and elevated interstitial pressure. Under these 
rigorous conditions, mass cell death leads to the continuous and substantial release of ATP into 
the extracellular space (Gardani et al., 2024; Zanoni et al., 2022). While this ATP would 
theoretically be expected to stimulate the immune system to attack the tumor—a process known 
as immunogenic cell death—tumors utilize an evolutionary adaptation to subvert this 
mechanism for their own benefit (Gardani et al., 2024; Zanoni et al., 2022). 
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Tumor cells and Cancer-Associated Fibroblasts (CAF) within the tumor stroma express high 
levels of CD39 (ENTPD1) and CD73 (NT5E) enzymes on their surfaces, a process mediated 
by the hypoxia-inducible factor-1 alpha (HIF-1α) transcription factor (Shen et al., 2025). These 
enzymes hydrolyze extracellular ATP at an accelerated rate, creating a dense "adenosine halo" 
around the tumor (Shen et al., 2025). This adenosine-rich microenvironment directly impacts 
the phenotypic plasticity of Tumor-Associated Macrophages (TAM). By binding to A2A and 
A2B receptors on the macrophage surface, adenosine elevates cAMP levels (Di Virgilio & 
Adinolfi, 2017; Shen et al., 2025). High cAMP concentrations activate the Protein Kinase A 
(PKA) pathway, leading to the phosphorylation of the transcription factor CREB. This signaling 
cascade causes macrophages to lose their anti-tumoral (M1-like) characteristics and transition 
into a pro-tumoral (M2-like) phenotype. M2-like macrophages secrete growth factors that 
facilitate tumor expansion, promote angiogenesis via vascular endothelial growth factor 
(VEGF), and simplify tissue invasion through the secretion of matrix metalloproteinases 
(MMPs) (Di Virgilio & Adinolfi, 2017; Gardani et al., 2024; Shen et al., 2025; Zanoni et al., 
2022).. 
 
Furthermore, elevated adenosine levels paralyze the functions of cytotoxic T lymphocytes 
(CD8+) and Natural Killer (NK) cells that are essential for anti-tumor immunity. This 
phenomenon is currently recognized as a primary mechanism of resistance against immune 
checkpoint inhibitors, such as anti-PD1/PD-L1 therapies. Consequently, integrating CD73 
inhibitors or A2A receptor antagonists into immunotherapy protocols holds the potential to 
dismantle this metabolic barrier and enhance therapeutic efficacy (Tu et al., 2022; Xia et al., 
2023). 
 

5. Active Purinergic Control in the Resolution of Inflammation 
 
The traditional perspective defined the resolution of inflammation as a passive process that 
occurs spontaneously as pro-inflammatory signals diminish. However, contemporary molecular 
pathology data confirm that this phase is a highly regulated, energy-dependent, and active 
biochemical program, much like the initiation of inflammation itself. The purinergic signaling 
system functions as a central molecular switch that governs the transition of the inflammatory 
response from the "initiation" phase to the "healing/resolution" phase (Figure 2) (Fodor et al., 
2020; Sugimoto et al., 2016). 
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Figure 2. The Inflammatory "Switch" Mechanism: The Equilibrium Between ATP and 
Adenosine: This diagram illustrates the dynamic equilibrium between extracellular ATP and 
adenosine, emphasizing its critical role in the modulation of inflammation. The left side of the 
scale represents the accumulation of ATP molecules, which are released during cellular injury 
or stress and function as potent "danger signals" (DAMPs), thereby initiating a pro-
inflammatory response. Conversely, the right side represents adenosine molecules—"healing 
signals" produced through the enzymatic degradation of ATP that facilitate anti-inflammatory 
effects and promote tissue repair (resolution). The transition between these opposing states is 
regulated by the CD39 and CD73 enzymes, positioned at the center of the scale as the 
"metabolic switch." CD39 (ectonucleotidase) hydrolyzes ATP into ADP and subsequently into 
AMP. CD73 (ecto-5'-nucleotidase) then converts AMP into adenosine, effectively terminating 
the pro-inflammatory signal and initiating the anti-inflammatory cascade. This transition is vital 
for the timely cessation of the inflammatory response and the restoration of tissue homeostasis. 

During the initial moments of acute tissue injury, high concentrations of released ATP attract 
neutrophils to the site of damage (chemotaxis) and initiate phagocytosis. However, as the 
inflammatory process progresses, an increase in CD39 and CD73 expression on the surface of 
immune cells causes the dominant signaling molecule to shift from ATP to adenosine. This 
temporal shift represents a critical threshold that alters the course of inflammation (Han et al., 
2024; Yu et al., 2024). 

The accumulation of adenosine in the microenvironment halts neutrophil infiltration via A2A 
receptors and promotes efferocytosis, the process by which macrophages safely clear apoptotic 
neutrophils (Murphy et al., 2017). Efferocytosis triggers a shift in macrophage activity, halting 
the production of pro-inflammatory cytokines (TNF-α, IL-6) and stimulating the synthesis of 
mediators that support tissue repair (IL-10, TGF-beta, and resolvins). Furthermore, adenosine 
signaling regulates fibroblast activation, preventing wound healing from progressing into 
excessive fibrosis or scar tissue formation (Chi et al., 2023; Zhang et al., 2018). 

Experimental models involving the silencing of CD39 or CD73 genes have demonstrated that 
without this enzymatic control, inflammation fails to resolve, leading to persistent tissue 
damage and chronicity, as seen in conditions like chronic obstructive pulmonary disease 
(COPD) or atherosclerosis. These findings confirm that the purinergic pathway is not merely a 
communication network but an essential regulatory mechanism for re-establishing systemic 
homeostasis (Ferrari et al., 2015). 

6. ATP and Adenosine: From Cellular Communication to Pharmacological Targets 
 
Due to its fundamental role in physiological processes, the purinergic signaling system has 
become a highly attractive area for drug development in modern pharmacology (Diezmos et al., 
2016). The dual role of molecules like ATP and adenosine as both metabolic fuel and 
intercellular messengers makes this system unique (Burnstock, 1972). However, the ubiquitous 
distribution of purinergic receptors presents a pharmacological challenge; while it offers vast 
therapeutic potential, it also carries the risk of off-target effects in healthy tissues. Despite these 
challenges, drugs targeting purinergic mechanisms have achieved significant clinical success 
across disciplines ranging from cardiology to oncology (Bendell et al., 2023; Chi et al., 2023; 
Feng et al., 2020; Gardani et al., 2024). 
 
The cardiovascular system represents the most successful application of purinergic 
pharmacology, particularly in the modulation of platelet function. P2Y12 antagonists 
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(antiplatelet agents) prevent myocardial infarction and stent thrombosis by blocking the P2Y12 
receptor, a key mediator of platelet aggregation (Gachet, 2012). Within this class, clopidogrel 
and prasugrel bind irreversibly to the receptor, whereas ticagrelor and cangrelor offer reversible 
binding (Cheng, 2012). This reversibility allows for a faster restoration of platelet function once 
the medication is discontinued. In the context of adenosinergic modulation, adenosine is utilized 
in emergency medicine to restore normal rhythm in paroxysmal supraventricular tachycardia. 
Additionally, regadenoson, a potent vasodilator, is the preferred pharmacological stress agent 
for myocardial perfusion imaging in patients unable to perform physical exercise (Adhikary et 
al., 2020; Jia et al., 2015). 
 
In neurology, the neuromodulatory properties of the purinergic system offer alternatives to 
traditional therapies for neurodegenerative diseases. Istradefylline improves motor control via 
a non-dopaminergic pathway by blocking A2A receptors in the basal ganglia. This agent is used 
to reduce "off" periods in Parkinson’s disease patients treated with levodopa (Paton, 2020). 
 
Specialized purinergic receptors are also targeted in the management of chronic conditions that 
impact quality of life. Diquafosol, a P2Y2 agonist, stabilizes the tear film in dry eye syndrome 
by increasing water and mucin secretion on the ocular surface (Lau et al., 2014). Gefapixant 
reduces chronic refractory cough by blocking P2X3 receptors, which are sensitive to the ATP 
released during cellular damage in the airways (Robbins et al., 2024). 
 
Looking toward future therapies, promising research is expanding the boundaries of oncology 
and inflammation. In cancer immunotherapy, agents such as oleclumab target the CD73 enzyme 
to dismantle the immunosuppressive "adenosine shield" used by tumors to evade the immune 
system (Bendell et al., 2023). Furthermore, the blockade of the P2X7 receptor—a driver of 
potent inflammation—is currently being evaluated in phase studies for the treatment of 
conditions such as rheumatoid arthritis and depression (Zablocki & Gorecki, 2023; Zhou et al., 
2020). 
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Table 3: Pharmacological Agents Targeting the Purinergic System 
Pharmacological 
Agent 

Molecular 
Target 

Pharmacodynamic 
Mechanism 

Clinical Indication 

Clopidogrel / 
Prasugrel 

P2Y12 
Receptor 

Irreversible 
Antagonism 

Prophylaxis of myocardial 
infarction and stent-related 
thrombosis (Jia et al., 2015). 

Ticagrelor / 
Cangrelor 

P2Y12 
Receptor 

Reversible 
Antagonism 

Management of acute coronary 
syndrome and antiplatelet 
therapy (Cheng, 2012).  

Adenosine P1 (A1) 
Receptor 

Receptor Agonism Management of Paroxysmal 
Supraventricular Tachycardia 
(PSVT) (Parker & McCollam, 
1990). 

Regadenoson P1 (A2A) 
Receptor 

Receptor Agonism Myocardial perfusion imaging 
(Pharmacological stress agent) 
(Bengalorkar et al., 2012).  

Istradefylline P1 (A2A) 
Receptor 

Receptor Antagonism Parkinson’s Disease 
(Management of "off" 
episodes) (Paton, 2020).  

Diquafosol P2Y2 
Receptor 

Receptor Agonism Treatment of Dry Eye 
Syndrome (Lau et al., 2014).  

Gefapixant P2X3 
Receptor 

Receptor Antagonism Management of chronic 
refractory cough (Robbins et 
al., 2024).  

Oleclumab CD73 
Enzyme 

Enzymatic Inhibition Cancer Immunotherapy 
(Investigational phase clinical 
trials) (Bendell et al., 2023).  

 
7. Future Perspectives and Therapeutic Potential of Purinergic Signaling 

 
Purinergic signaling, which transcends the conventional boundaries of bioenergetics, is 
currently established as a central regulatory network governing both physiological homeostasis 
and pathological progression. The paradigm shift initiated by the identification of ATP as an 
intercellular signaling molecule, rather than merely a metabolic energy currency, has unveiled 
novel therapeutic avenues across numerous medical disciplines. The delicate equilibrium 
between the pro-inflammatory "danger" signal (DAMP) function of ATP and the anti-
inflammatory "healing" role of adenosine remains vital for maintaining tissue integrity 
(Burnstock, 1972; Diezmos et al., 2016; Ferrari et al., 2020). 
 
The most promising future dimension of this system lies in its potential integration into 
personalized medicine. It is well-documented that polymorphisms in the genes encoding P2X7 
and P2Y12 receptors directly modulate individual susceptibility to autoimmune disorders and 
clinical responses to antiplatelet therapies. Future analysis of these genetic variations will 
facilitate the development of more efficacious therapeutic protocols with minimized adverse 
effects (Gachet, 2012; Jia et al., 2015). 
 
In the field of oncology, the conversion of ATP into an immunosuppressive "adenosine halo" 
within the TME via CD39 and CD73 enzymes represents a significant barrier to contemporary 
immunotherapies. In this regard, CD73 inhibitors and A2A receptor antagonists offer a critical 
therapeutic vision for dismantling tumor-mediated immune evasion mechanisms. Similarly, 
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restoring purinergic balance in inflammatory bowel diseases (IBD) through P2X7 antagonists 
or ectonucleotidase modulators provides a rational target for terminating chronic inflammation 
and promoting mucosal recovery (Shen et al., 2025). 
 
Beyond established successes in cardiovascular medicine, the application of P2X3 antagonists 
like Gefapixant for chronic cough and Istradefylline for Parkinson’s disease underscores the 
broad-spectrum impact of the system in neurological and respiratory pathologies (Paton, 2020; 
Robbins et al., 2024). In conclusion, the purinergic system functions not merely as a 
communication network, but as a biochemical switch that actively coordinates the resolution of 
inflammation and tissue regeneration. Mastery over this molecular switch is poised to become 
one of the most potent tools for restructuring tissue homeostasis in future pharmacological 
strategies. 
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Hatice BİLGİÇ , Emre KÖSE , Selime CHAUSH In recent years, the World Health Organization (WHO) has categorized a diverse 

group of conditions and lesions as Oral Potentially Malignant Disorders (OPMD). In its 

publications, OPMDs are listed based on the available evidence regarding their worldwide 

prevalence and risk of malignant transformation. The OPMDs with the highest clinical 

relevance and prevalence are included in the WHO Classification of Head and Neck Tumors 

series (1), whereas a more extensive list, encompassing less common OPMDs, is available in 

the WHO Oral Cancer Collaboration Center consensus documents (2). According to the 5th 

edition of the WHO Classification of Head and Neck Tumors, Chapter 5, "Tumors of the Oral 

Cavity and Mobile Tongue," and the WHO 2020 Oral Cancer Collaboration Center reports, 

OPMDs include (3): 

1. Leukoplakia 

Leukoplakia has been defined in multiple ways over the past 40 years, with definitions 

evolving continuously. The most widely accepted current definition was proposed by the 

WHO Oral Cancer Collaboration Center in 2007 and reaffirmed in 2020. Leukoplakia is 

described as "a predominantly white plaque with a suspicious risk, excluding known diseases 

or disorders that do not carry a cancer risk" (2). The term is applied only when other white 

lesions of the oral mucosa such as oral lichen planus, frictional keratosis, white spongy nevus, 

or hairy leukoplakia are excluded (4). By definition, leukoplakia is a clinical diagnosis 

without a specific histopathological feature (5). 

This condition is relatively common, affecting about 4% of the global population (6). Among 

OPMDs, leukoplakia is the most frequent. It occurs more often in men compared with women 

and is typically observed in individuals over 40 years old. Its prevalence varies 

geographically, often higher in Southeast Asia compared to Western countries, likely due to 

differing etiological factors (7). 

The causes of leukoplakia appear similar to those of oral cancer, including tobacco use in all 

forms, betel nut chewing, and alcohol consumption. Nevertheless, it is notable that older 

women who have never smoked can also develop leukoplakia, and these lesions may carry a 

greater risk of malignant alteration compared to those in patients with known risk factors (2). 

Clinically, leukoplakia can be grouped into two types: homogeneous and heterogeneous. This 

distinction is based entirely on clinical features such as surface, color, and texture (2): 
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evolving continuously. The most widely accepted current definition was proposed by the 

WHO Oral Cancer Collaboration Center in 2007 and reaffirmed in 2020. Leukoplakia is 

described as "a predominantly white plaque with a suspicious risk, excluding known diseases 

or disorders that do not carry a cancer risk" (2). The term is applied only when other white 

lesions of the oral mucosa such as oral lichen planus, frictional keratosis, white spongy nevus, 

or hairy leukoplakia are excluded (4). By definition, leukoplakia is a clinical diagnosis 

without a specific histopathological feature (5). 

This condition is relatively common, affecting about 4% of the global population (6). Among 

OPMDs, leukoplakia is the most frequent. It occurs more often in men compared with women 

and is typically observed in individuals over 40 years old. Its prevalence varies 

geographically, often higher in Southeast Asia compared to Western countries, likely due to 

differing etiological factors (7). 

The causes of leukoplakia appear similar to those of oral cancer, including tobacco use in all 

forms, betel nut chewing, and alcohol consumption. Nevertheless, it is notable that older 

women who have never smoked can also develop leukoplakia, and these lesions may carry a 

greater risk of malignant alteration compared to those in patients with known risk factors (2). 

Clinically, leukoplakia can be grouped into two types: homogeneous and heterogeneous. This 

distinction is based entirely on clinical features such as surface, color, and texture (2): 

Homogeneous leukoplakia: presents as smooth-edged, thin, flat white plaques or spots, 

sometimes with fine cracks in the keratin layer (8). 

Heterogeneous leukoplakia: exhibits an irregular surface, potentially with superficial 

ulceration and poorly defined borders (8, 9). 

Heterogeneous leukoplakia may present with various clinical appearances (2, 10): 

Specular: mixed red and white areas, predominantly white, also called erythro-

leukoplakia. 

Nodular: small, round, polypoid projections that can be white or red. 

Exophytic or Verrucous: furrowed or wrinkled surface pattern. 

The risk of malignant transformation in leukoplakia can vary depending on clinical, 

histological, and molecular characteristics. Key risk factors for cancer development include 

(4): 

• Irregular clinical appearance 

• Female gender 

• Long duration of the lesion 

• Idiopathic leukoplakia (non-smoker/non-chewer) 

• Location on the floor of the mouth or lateral side of tongue  

• Lesion size > 200 mm² 

• Occurrence of epithelial dysplasia 

• Existence of Candida albicans (11) 

The severity of dysplastic changes correlates with cancer risk, with more pronounced 

dysplasia carrying the highest transformation potential. In non-smokers, oral epithelial 

dysplasia (OED) is associated with approximately a twofold higher risk of progression to 

cancer (12). 

2. Verrucous Proliferative Leukoplakia 

Verrucous proliferative leukoplakia (PVL) represents an aggressive subtype of 

leukoplakia. It initially appears as keratosis without dysplasia but can gradually evolve 
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sometimes over 20 years into confluent, multifocal oral keratosis (13). According to the 

WHO, PVL is defined as "a persistent, irreversible, and progressive disorder marked by 

multiple leukoplakic lesions," which frequently develops a verrucous appearance (2). 

PVL is usually seen in women with a female-to-male ratio of 4:1 (14). The mandibular 

gingiva, buccal mucosa and tongue are the most frequently affected sites (15). The exact 

cause of PVL is unclear, and unlike many other oral lesions, tobacco use does not appear to be 

a primary factor, as PVL occurs in both smokers and non-smokers (14). Human 

papillomavirus (HPV) has been detected in PVL lesions, with 89% of specimens testing 

positive and HPV 16 identified in most cases (16). Additionally, Epstein-Barr virus (EBV) 

was present in 60% of PVL samples (17). Among all OPMDs, PVL has the highest malignant 

transformation rate, reaching 49.5% (18). 

Diagnosis of PVL relies on both clinical and histological evaluation. The disease progresses 

from early hyperkeratosis to epithelial hyperplasia and atypia, potentially advancing to 

verrucous carcinoma and finally, squamous cell carcinoma (SCC). This progression 

underscores the need for multiple biopsies and ongoing follow-up (19). Histopathological 

features vary depending on disease stage, biopsy site, and lesion location. Lesions typically 

show hyperkeratosis and acanthosis with lymphocytic infiltration of the lamina propria. As 

lesions evolve, histology may reveal hyperplasia, with or without dysplasia, and irregular 

surface morphology (20). 

3. Erythroplakia 

Erythroplakia was originally defined by the WHO as "oral mucosal lesions appearing 

as bright red velvety plaques that cannot be classified as any other pathologically or clinically 

identifiable condition" (21). The most often cited definition in the scientific literature 

describes it as a bright red patch that cannot be categorized as any other pathologically or 

clinically identifiable lesion (22). Similar to leukoplakia, erythroplakia is defined mainly by 

exclusion (21). 

The exact cause of erythroplakia is not fully clarified. Known contributing factors include 

chewing tobacco, betel quid, cigarette smoking, and alcohol intake (21). Erythroplakia is most 

commonly observed in middle-aged individuals, especially in the sixth and seventh decades of 
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from early hyperkeratosis to epithelial hyperplasia and atypia, potentially advancing to 

verrucous carcinoma and finally, squamous cell carcinoma (SCC). This progression 

underscores the need for multiple biopsies and ongoing follow-up (19). Histopathological 

features vary depending on disease stage, biopsy site, and lesion location. Lesions typically 

show hyperkeratosis and acanthosis with lymphocytic infiltration of the lamina propria. As 

lesions evolve, histology may reveal hyperplasia, with or without dysplasia, and irregular 

surface morphology (20). 

3. Erythroplakia 

Erythroplakia was originally defined by the WHO as "oral mucosal lesions appearing 

as bright red velvety plaques that cannot be classified as any other pathologically or clinically 

identifiable condition" (21). The most often cited definition in the scientific literature 

describes it as a bright red patch that cannot be categorized as any other pathologically or 

clinically identifiable lesion (22). Similar to leukoplakia, erythroplakia is defined mainly by 

exclusion (21). 

The exact cause of erythroplakia is not fully clarified. Known contributing factors include 

chewing tobacco, betel quid, cigarette smoking, and alcohol intake (21). Erythroplakia is most 

commonly observed in middle-aged individuals, especially in the sixth and seventh decades of 

life, and affects both sexes equally. Its prevalence ranges from 0.02% to 0.83%, with an 

average of 0.11% in the general population (23). 

A meta-analysis and systematic review published in 2022 reported a malignant transformation 

rate of 12.7% (24). Lesions with moderate to severe dysplasia carry a significantly higher risk 

of progressing to cancer (21). 

Clinically, erythroplakia appears as a bright red macule or patch with a soft velvety surface. 

The lesions are usually soft upon palpation, with induration present only when malignancy is 

involved. Borders can be irregular, though they are often well demarcated, and the surface 

may occasionally appear granular (25). 

The most commonly affected sites include the floor of the mouth, soft palate, ventral side of 

tongue, tonsillar fossa, and buccal alveolar mucosa. Affected areas can vary between studies, 

with tongue involvement reported less frequently. Lesions are generally small (<1.5 cm), 

though larger lesions (>4 cm) have been documented. Involvement of multiple sites is rare 

(21). Symptoms are usually absent, but some patients report vague pain or a burning sensation 

at the lesion site. A metallic taste has also been described (26). 

Histopathologically, erythroplakia is characterized by thin, atrophic epithelium, absence of 

keratin, and epithelial hyperplasia. These features account for the deep red appearance of the 

lesions. The absence of surface keratin, which normally diminishes red coloration, is 

particularly notable. Prompt biopsy is recommended to exclude neoplastic changes. 

Histological evaluation reveals mild to severe dysplasia or SCC in 60–90% of cases (21). 

4. Oral Submucosal Fibrosis 

Oral Submucosal Fibrosis (OSMF) is a chronic fibrotic disorder of the oral mucosa 

described by epithelial immune cell intrusion, followed by fibroelastic changes in the 

submucosa and lamina propria, ultimately leading to stiffening of the oral mucosa (27). 

Clinically, it has been described as "a debilitating, irreversible, progressive collagen metabolic 

disorder caused by commercial preparations and chronic areca nut chewing; affecting the oral 

and pharynx mucosa; resulting in functional impairment and mucosal stiffness with a 

potential for malignant transformation (28). 
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The global prevalence of OSMF is approximately 4.96%, with a clear geographical 

distribution, being largely confined to South and Southeast Asia. The condition is strongly 

associated with paan (betel quid) chewing and areca nut consumption; over 90% of OSMF 

patients have a history of paan chewing (29). 

The rate of malignant transformation in OSMF ranges between 1% and 9%, with higher rates 

observed in patients who also present with oral leukoplakia. Oral cancers developing from 

OSMF may be less frequent but more aggressive compared to those arising from other oral 

lesions (30). 

Clinically, OSMF is recognized by restricted tongue mobility, blanching of the oral mucosa, 

leathery texture, loss of papillae, progressive reduction in mouth opening, and 

depigmentation. Staging of OSMF early, intermediate, and advanced guides both treatment 

planning and patient management (31). 

Histopathological examination confirms the clinical diagnosis, revealing features such as loss 

of rete ridges, epithelial atrophy, hyalinization of the lamina propria, and alterations in the 

underlying muscle layer (32). 

5. Oral Lichen Planus 

Oral Lichen Planus (OLP) is a chronic inflammatory disorder of the oral basal 

epithelium mediated by T lymphocytes, particularly CD8+ cells. The WHO defines OLP as "a 

chronic inflammatory disorder of unclear etiology, characterized by white reticular lesions 

with recurrent remissions and exacerbations, which may be accompanied by atrophic, 

ulcerative, plaque-type, or erosive areas. Lesions are often bilaterally symmetrical (2). 

OLP is a moderately common mucocutaneous disorder, with a prevalence of 1–3% in the 

general population. It is more frequently observed in women than men. Although the exact 

etiology remains unclear, genetic predisposition, immunological disorders, nutritional 

deficiencies, psychological stress, and infectious agents have been proposed as contributing 

factors (33). 

Despite being classified as a potentially malignant disorder, the definitive diagnostic criteria 

for OLP and its malignant transformation potential remain under debate, with conflicting 

reports in the literature (34). 
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Oral Lichen Planus (OLP) is a chronic inflammatory disorder of the oral basal 

epithelium mediated by T lymphocytes, particularly CD8+ cells. The WHO defines OLP as "a 

chronic inflammatory disorder of unclear etiology, characterized by white reticular lesions 

with recurrent remissions and exacerbations, which may be accompanied by atrophic, 

ulcerative, plaque-type, or erosive areas. Lesions are often bilaterally symmetrical (2). 

OLP is a moderately common mucocutaneous disorder, with a prevalence of 1–3% in the 

general population. It is more frequently observed in women than men. Although the exact 

etiology remains unclear, genetic predisposition, immunological disorders, nutritional 

deficiencies, psychological stress, and infectious agents have been proposed as contributing 

factors (33). 

Despite being classified as a potentially malignant disorder, the definitive diagnostic criteria 

for OLP and its malignant transformation potential remain under debate, with conflicting 

reports in the literature (34). 

Six classical clinical subtypes of OLP have been described, which may occur individually or 

in combination: reticular, atrophic/erythematous, plaque-like, ulcerative /erosive, bullous and 

popular forms. The reticular and erosive subtypes are the most frequently observed. Atrophic 

and erosive forms are most commonly associated with malignant transformation, possibly due 

to the atrophic nature of the mucosa rather than the disease itself (35, 36). 

Reticular: The most common type, characterized by fine, shiny, white lines known as 

Wickham striae, often surrounded by an erythematous line. The buccal mucosa is the 

most frequently affected site, with lesions typically bilateral and symmetrical (37–40). 

Plaque-like: These lesions resemble leukoplakia, appearing as homogeneous white 

patches. They may be slightly raised or irregular and are often multifocal, affecting the 

dorsum of the tongue and buccal mucosa (40). 

Atrophic: Widespread, red lesions often surrounded by fine white striae, typically 

involving adjacent gingiva. This form is commonly stated as "chronic desquamative 

gingivitis" and may present with symmetrical patchy distribution across all quadrants 

(40). 

Erosive: Irregularly shaped lesions covered by fibrous pseudomembranes or plaques. 

The periphery may display reticular lines. Disruption of the pseudomembrane or 

plaque causes pain. Erosive OLP is considered to carry a higher risk for malignant 

transformation (41). 

Papular: Small white papules (~0.5 mm) that may be overlooked during routine 

examination due to their size. Rarely observed (40). 

Bullous: Small vesicle or bullae that ruptures easily, leaving painful ulcerated 

surfaces. Nikolsky's sign may be positive. Lesions most commonly appear on the 

buccal mucosa of the region adjacent to the second and third molars, with less frequent 

involvement of the lateral tongue, gingiva, or inner lips (40, 42). 

Histopathological findings alone may not be sufficient for diagnosis, as discrepancies between 

clinical and microscopic features are possible. Therefore, OLP diagnosis requires correlation 

between clinical presentation and histopathology (43). 
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OLP must be distinguished from OLP-like lesions, including lichenoid reactions, frictional 

keratosis, lupus erythematosus, leukoplakia, pemphigus, erythematous candidiasis, mucous 

membrane pemphigoid, graft-versus-host disease (GVHD), and chronic ulcerative stomatitis. 

Among these, drug-induced lichenoid reactions are the most challenging to differentiate 

clinically and histopathologically from OLP (42, 44). 

6. Oral Lichenoid Lesions 

Oral Lichenoid Lesions (OLL) are intraoral lesions appearing as white or red patches 

with a reticular streaked pattern similar to Oral Lichen Planus (OLP), but they are linked to 

identifiable triggers. OLL can be categorized into oral lichenoid contact lesions (OLCL), 

drug-induced OLL, and GVHD-associated OLL (45). 

The term OLCL refers to oral lesions that resemble OLP both clinically and 

histopathologically but are believed to result from localized hypersensitivity reactions 

(delayed immune-mediated) to dental restorative materials, particularly amalgam, or other 

contact agents such as cinnamon. Other restorative substances, including gold, nickel, and 

acrylic resin, may also contribute to lichenoid lesion formation (46, 47). 

OLCL typically appears as white or mixed red-and-white lesions and can sometimes be 

ulcerated. These lesions are generally less symmetrical and more often unilateral compared to 

OLP, and they lack the classic reticular pattern, instead presenting as plaques or atrophic areas 

(48). 

Clinically and histologically, OLCL can be indistinguishable from OLP. A key diagnostic 

feature is the lesion’s location, which is directly related to the suspected triggering agent. The 

lateral tongue and buccal mucosa are the most frequently affected sites (48). Although OLP 

may also occur near dental restorations, these lesions are usually more widespread, affecting 

additional areas. The duration of contact between the agent and the oral mucosa is considered 

important in OLCL development (45). 

Diagnosis primarily relies on clinical observation, and lesion resolution following removal of 

the suspected causative material confirms the diagnosis. Biopsy is recommended when 

clinical features are atypical or when malignancy cannot be excluded (48). 
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OLP, and they lack the classic reticular pattern, instead presenting as plaques or atrophic areas 

(48). 

Clinically and histologically, OLCL can be indistinguishable from OLP. A key diagnostic 

feature is the lesion’s location, which is directly related to the suspected triggering agent. The 

lateral tongue and buccal mucosa are the most frequently affected sites (48). Although OLP 

may also occur near dental restorations, these lesions are usually more widespread, affecting 

additional areas. The duration of contact between the agent and the oral mucosa is considered 

important in OLCL development (45). 

Diagnosis primarily relies on clinical observation, and lesion resolution following removal of 

the suspected causative material confirms the diagnosis. Biopsy is recommended when 

clinical features are atypical or when malignancy cannot be excluded (48). 

Removal of neighboring amalgam fillings or those in direct contact leads to complete healing 

in 39–89% of cases, whereas lesions where restorations are left in place heal in only 0–29% of 

cases (49). 

Drug-induced OLL are uncommon and arise from exposure to various medications. Systemic 

drugs linked to OLL include non-steroidal anti-inflammatory drugs, antihypertensives, oral 

hypoglycemics, antifungals, monoclonal antibodies and antibiotics. Usually, there is a 

temporal relationship between drug exposure and lesion onset; however, reactions can occur 

even years after drug use (50). These lesions may have an uncertain clinical appearance, but 

unilateral presentation can assist in diagnosis (51). 

GVHD occurs in recipients of bone marrow or hematopoietic stem cell transplants (25). Acute 

GVHD rarely affects the oral cavity, but in chronic GVHD, the mouth is frequently involved. 

Oral manifestations may include papules, white plaques, and hyperkeratotic lines resembling 

Wickham striae, alongside erythema and pseudomembranous ulcers (52). 

7. Palatal Lesions in Reverse Smokers 

Reverse smoking is an uncommon smoking habit in which the burning end of the 

cigarette or bidi is placed inside the mouth while inhaling the smoke. This practice is 

particularly prevalent in the Indian subcontinent (53). Temperatures in the oral cavity can 

reach up to 120°C, and the products of combustion increase the occurrence of oral lesions 

compared to conventional smoking. However, epidemiological and controlled studies 

examining these lesions are relatively limited (53). Thermal injury combined with prolonged 

exposure to various carcinogens causes changes in the palatal mucosa (54). 

In 2020, the WHO described palatal lesions in palatal lesions in reverse smokers (PLRS) as 

"white and/or red patches on the hard palate mucosa often stained with nicotine" (2). 

Clinical features in reverse smokers differ from those seen in regular smokers. The primary 

sites affected are the palate and tongue. Lesions range from palatal keratosis, exfoliative 

lesions, leukoplakia, and ulcers to frank malignancy. Other observed abnormalities include 

mucosal thickening, fissures, pigmentation, nodularity, erythema, and ulceration (55). 

Palatal hyperpigmentation gives a gray-black appearance due to increased melanin production 

by melanocytes. This melanin synthesis is a protective mechanism against heat and acts as an 
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antioxidant against toxic compounds generated during reverse smoking. In some cases, patchy 

depigmented areas surrounded by hyperpigmented mucosa have been reported. These findings 

are often associated with heavy alcohol use and smoking. Depigmentation has also been 

linked to reduced melanin production, and hyperchromasia has been detected in the basal 

epithelial layer (55). 

Given the malignant potential of PLRS, biopsy of these lesions is essential and may reveal 

various stages of dysplasia or carcinoma. Histological evaluation may also show ductal 

epithelial hyperplasia (55). 

For differential diagnosis, conditions such as OLP, oral lupus and oral candidiasis should be 

considered. A thorough history regarding reverse smoking habits can help rule out these 

conditions. Oral candidiasis can be excluded through culture, and other risk factors like 

immunosuppression should also be evaluated (53). 

8. Discoid Lupus Erythematosus 

Discoid Lupus Erythematosus (DLE) is a chronic inflammatory disorder that affects 

both the skin and oral mucosa (25). It is the most prevalent form of chronic cutaneous lupus, 

representing about 80% of cases. The disease pathophysiology is multifactorial, involving 

genetics, environmental triggers, and both innate and adaptive immune responses (56). Key 

environmental triggers include ultraviolet radiation, certain medications, radiotherapy, and 

smoking (57). 

DLE is more common in women, with a female-to-male ratio of 3:1. While it can occur at any 

age, it most often presents between 20 and 40 years old (58). Oral lesions without skin 

involvement are uncommon, reported in roughly 10% of patients (59). 

Oral involvement occurs in approximately 20% of cases, usually affecting the lips, buccal 

alveolar mucosa and hard palate (60). Lesions typically appear as hyperkeratotic papules or 

spreading striae surrounding central erythema or ulceration, sometimes with peripheral 

telangiectasia. Chronic lesions may show a “honeycomb” pattern. Mucosal lesions can 

precede or occur independently of skin lesions. Lip lesions may extend to adjacent skin, 

blurring the vermilion border, and desquamative gingivitis may be present on the upper and/or 

lower gingiva (61). Healing may result in post-inflammatory hyperpigmentation. Common 
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involvement are uncommon, reported in roughly 10% of patients (59). 

Oral involvement occurs in approximately 20% of cases, usually affecting the lips, buccal 

alveolar mucosa and hard palate (60). Lesions typically appear as hyperkeratotic papules or 

spreading striae surrounding central erythema or ulceration, sometimes with peripheral 

telangiectasia. Chronic lesions may show a “honeycomb” pattern. Mucosal lesions can 

precede or occur independently of skin lesions. Lip lesions may extend to adjacent skin, 

blurring the vermilion border, and desquamative gingivitis may be present on the upper and/or 

lower gingiva (61). Healing may result in post-inflammatory hyperpigmentation. Common 

symptoms include burning sensation (66.6%), photosensitivity (57.1%), dryness (23.8%), 

tenderness (14.3%) and pain (4.8%), although some lesions remain asymptomatic (59). 

The WHO classifies DLE as a potentially malignant oral disorder, but malignant 

transformation is uncommon (62). When it does occur, it is usually in lesions on the vermilion 

border of the lips, more frequently affecting the lower lip. Risk factors for malignant 

transformation include prolonged UV exposure, chronic scarring, HPV infection, and long-

term immunosuppression. The interval from DLE onset to lip cancer development is shorter 

than for cancers arising from DLE in other locations (63). 

Differential diagnosis of oral DLE includes OLP, OLL, leukoplakia, and actinic keratosis 

(when the lower lip is involved) (64). OLP lesions are typically more extensive and 

symmetrical, with a more distinct reticular pattern. OLP appears as white striae in areas 

directly contacting dental restorations and resolves after removal of the restoration. Oral 

leukoplakia does not show the characteristic hyperkeratotic striae or central atrophy. Actinic 

keratosis generally affects the lower lip and presents with scaling rather than striae (64). 

9. Graft Versus Host Disease 

Graft Versus Host Disease (GVHD) is an immune-mediated condition that can 

develop after allogeneic hematopoietic stem cell transplantation. GVHD may present with 

both acute (aGVHD) and chronic (cGVHD) oral manifestations. Clinically and 

histopathologically, GVHD lesions resemble those seen in OLP (2). 

In aGVHD, oral involvement is uncommon, and lesions are usually nonspecific. They may 

present as gingivitis, mucositis, erythema, or ulceration on the oral mucosa or lips (65). 

In contrast, more than 70% of patients with cGVHD have oral involvement. Clinical features 

include mucosal inflammation, atrophy, and lichenoid hyperkeratotic changes such as striae, 

papules, plaques and patches. Additional findings may include pseudomembranous ulceration, 

perioral fibrosis and mucoceles. Other characteristic changes include vasculitis-like patterns, 

telangiectasia, and sclerotic alterations, which can reduce mouth opening. Patients often 

report oral pain, sensitivity to normally tolerated foods or substances, dry mouth, and 

sometimes altered taste (66). 
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Diagnosis of oral GVHD can be made clinically when lesions display typical lichenoid 

features. If lesions present as erythema, ulceration, or white plaques without the classic white 

striations, biopsy is required to confirm the diagnosis (67). 

10. Human Papilloma Virus-Associated Dysplasia 

The 2022 WHO classification recognizes Human Papilloma Virus (HPV)-associated 

oral epithelial dysplasia (OED) as a distinct OPMD category (68). The morphological 

characteristics of HPV-OED are now well documented (69, 70). Although HPV-positive SCC 

cases are relatively rare, a subset of OED is strongly associated with HPV infection. HPV-

OED predominantly affects males (M:F = 6:1) and typically occurs in the sixth decade, 

although it can present across a wide age range (71). 

The most frequently affected sites are the ventral and lateral side of tongue and the floor of 

the mouth, though lesions can also appear on the buccal mucosa, palate, lip mucosa, and 

gingiva (69). Clinically, HPV-OED usually appears as a flat, well-defined patch ranging from 

white to red, resembling other oral leukoplakias. Its etiology is mainly linked to high-risk 

HPV types, primarily HPV 16. The pathogenesis is not fully understood but is considered 

similar to HPV-associated cervical dysplasia. Invasive squamous cell carcinoma develops in 

approximately 5–15% of cases (72). 

11. Familial Cancer Syndromes 

Some case reports suggest that oral cancer can occur in families (73). Several genetic 

syndromes are linked to increased susceptibility to oral cancer. Individuals with conditions 

such as dyskeratosis congenita (DC), Fanconi anemia (FA), xeroderma pigmentosum, Bloom 

syndrome, ataxia-telangiectasia, Li-Fraumeni and Cowden syndromes have a higher risk of 

oral cancer due to genomic instability (43). 

Dyskeratosis congenita (DC) is a rare multisystem genetic disorder affecting the skin, 

characterized by chromosomal instability and reduced telomerase activity (74). DC usually 

presents between ages 5 and 12 and is more common in males (75). Zinsser described the 

classic triad of DC in 1906 (76): 

• Reticular atrophy with cutaneous hyperpigmentation 

• Nail dystrophy 
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classic triad of DC in 1906 (76): 

• Reticular atrophy with cutaneous hyperpigmentation 

• Nail dystrophy 
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Because of chromosomal instability, DC patients have a markedly increased risk of 

developing cancers in multiple organ systems. Children with DC have been reported to have a 

100-fold higher risk of Acute Myeloid Leukemia. Additionally, the risk of squamous cell 

carcinoma (SCC) in the head and neck, cervix, and anogenital regions is elevated (77). 

Leukoplakia in DC progresses to cancer in roughly 30% of cases between ages 10 and 30 

(78). 

Fanconi Anemia (FA) is a rare autosomal recessive disorder involving defects in DNA repair, 

especially cross-link repair. FA is associated with congenital physical abnormalities (e.g., 

skeletal malformations), aplastic anemia, and progressive pancytopenia. Patients with FA are 

at risk of bone marrow failure, leukemia, and solid tumors, including head and neck cancers 

(2). 

Overall, the risk of head and neck cancers in FA patients is estimated to be 500–700 times 

higher than in the general population (79), and these cancers often occur at a young age. 

Young individuals presenting with head and neck SCC should be evaluated for FA. FA 

patients may also show potentially malignant lesions, such as leukoplakia (80). 

Conclusion 

Potential malignant oral disorders include various lesions and conditions. Sometimes 

these lesions may be too vague or small to be noticed. During routine examinations, the oral 

mucosa should be thoroughly examined, and in the presence of suspicious lesions, potential 

malignant disorders of the mouth and their differential diagnoses should be considered. These 

patients should be informed about risk factors. Observed lesions should be monitored and 

biopsied when necessary. 
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Introduction 

Accountability is a central principle of governance in modern public institutions, particularly 

within healthcare systems where policy decisions directly affect human well-being and societal 

welfare. In the context of health systems, accountability encompasses the obligation of 

governments, institutions, and professionals to justify their actions, demonstrate responsible 

stewardship of resources, and ensure that services meet the needs of the populations they serve. 

As healthcare systems grow more complex and resource-intensive, the need for robust 

accountability mechanisms becomes increasingly important for maintaining public trust, 

improving service quality, and promoting equitable access to care (Bovens, 2007; Brinkerhoff, 

2004). 

The English healthcare system, organized primarily through the National Health Service 

(NHS), provides an important case study for examining the dynamics of accountability in a 

large publicly funded health system. Established in 1948, the NHS was founded on principles 

of universality, equity, and accessibility, with healthcare services provided largely free at the 

point of delivery and financed through general taxation. Over the decades, the NHS has evolved 

into one of the largest and most complex public healthcare systems in the world, serving more 

than 55 million people in England and employing more than one million staff members 

(Appleby et al., 2020; Greer et al., 2016). 

This scale and complexity require sophisticated governance arrangements to ensure that 

healthcare organizations remain accountable for their decisions and performance. 

Accountability in the NHS operates through a multi-layered framework involving political 

oversight, administrative regulation, professional governance, and public participation. 

Government bodies set national policy and allocate funding, independent regulators monitor 

quality and safety, healthcare providers report performance metrics, and patients participate in 

feedback and oversight processes. Together, these mechanisms form a comprehensive 

accountability system designed to balance organizational autonomy with transparency and 

oversight (Bevan & Hood, 2006; Smith et al., 2019). 

However, despite the presence of extensive accountability mechanisms, the NHS continues to 

face significant challenges. Persistent regional inequalities in healthcare access, financial 

pressures resulting from demographic change and technological advancements, and increasing 

demand for services all place strain on existing governance structures. Furthermore, critics have 
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This scale and complexity require sophisticated governance arrangements to ensure that 

healthcare organizations remain accountable for their decisions and performance. 

Accountability in the NHS operates through a multi-layered framework involving political 

oversight, administrative regulation, professional governance, and public participation. 

Government bodies set national policy and allocate funding, independent regulators monitor 

quality and safety, healthcare providers report performance metrics, and patients participate in 

feedback and oversight processes. Together, these mechanisms form a comprehensive 

accountability system designed to balance organizational autonomy with transparency and 

oversight (Bevan & Hood, 2006; Smith et al., 2019). 

However, despite the presence of extensive accountability mechanisms, the NHS continues to 

face significant challenges. Persistent regional inequalities in healthcare access, financial 

pressures resulting from demographic change and technological advancements, and increasing 

demand for services all place strain on existing governance structures. Furthermore, critics have 

questioned whether performance targets and regulatory frameworks always lead to genuine 

improvements in quality or whether they sometimes encourage bureaucratic compliance rather 

than meaningful organizational learning (Hood, 2010; Timmins, 2019). 

This chapter examines the concept and practice of accountability within the English health 

system. It begins by outlining the conceptual foundations of accountability in healthcare 

governance and discussing the different forms that accountability can take. It then analyzes the 

institutional architecture of the NHS and the mechanisms through which accountability is 

implemented, including vertical and horizontal oversight structures, professional regulation, 

and performance measurement systems. The chapter also explores the roles of transparency and 

public engagement in strengthening accountability and examines key challenges facing the 

NHS, including inequalities and financial sustainability. Finally, the chapter considers 

opportunities for improving accountability mechanisms in the future. 

 

Conceptual Framework of Accountability in Healthcare 

Defining Accountability 

Accountability is a fundamental concept in public administration and governance, referring to 

the obligation of individuals or organizations to explain and justify their actions to those with 

the authority to evaluate and potentially sanction them. Bovens (2007) describes accountability 

as a relationship between an actor and a forum in which the actor must provide information 

about their conduct, explain and justify their actions, and accept consequences based on the 

evaluation of their performance. 

Similarly, Mulgan (2000) defines accountability as the requirement for public officials to report 

on their actions and accept responsibility for them. Roberts (2008) further emphasizes the 

ethical dimension of accountability, arguing that it involves not only compliance with formal 

rules but also responsiveness to social expectations and professional standards. 

Within healthcare systems, accountability takes on additional significance because decisions 

made by healthcare providers and policymakers can directly affect patient safety, health 

outcomes, and public trust. As a result, accountability frameworks in healthcare must address 
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a wide range of responsibilities, including financial management, clinical quality, patient safety, 

and equitable access to services (Brinkerhoff, 2004). 

Healthcare accountability is therefore inherently multidimensional. It requires mechanisms that 

ensure organizations use public resources responsibly, adhere to professional and ethical 

standards, and deliver services that meet the needs of patients and communities. 

 

Dimensions of Healthcare Accountability 

Scholars often categorize healthcare accountability into several distinct dimensions, including 

political, administrative, professional, and social accountability (Saltman & Ferroussier-Davis, 

2000; Brinkerhoff, 2004). 

Political accountability refers to the responsibility of elected officials and government 

institutions to citizens. In democratic systems, this form of accountability is exercised through 

elections, legislative oversight, and public reporting. Governments are expected to justify 

policy decisions, demonstrate effective management of public funds, and respond to public 

concerns about healthcare services. 

Administrative accountability focuses on the internal governance of public organizations. It 

involves mechanisms that ensure institutions operate efficiently, comply with regulations, and 

achieve policy objectives. Administrative accountability often relies on hierarchical oversight, 

performance management systems, and audit processes. 

Professional accountability is particularly important in healthcare because many decisions are 

made by highly trained professionals whose expertise gives them significant autonomy. 

Professional regulatory bodies establish standards of practice, oversee licensing and 

certification, and investigate complaints related to professional misconduct (Freidson, 2001). 

Finally, social accountability refers to the involvement of citizens, patients, and communities 

in monitoring healthcare services and influencing policy decisions. Public participation 

mechanisms such as patient surveys, advisory councils, and complaint systems enable 

individuals to hold healthcare institutions accountable for service quality and responsiveness 

(Brinkerhoff, 2004). 
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Professional regulatory bodies establish standards of practice, oversee licensing and 

certification, and investigate complaints related to professional misconduct (Freidson, 2001). 

Finally, social accountability refers to the involvement of citizens, patients, and communities 

in monitoring healthcare services and influencing policy decisions. Public participation 

mechanisms such as patient surveys, advisory councils, and complaint systems enable 

individuals to hold healthcare institutions accountable for service quality and responsiveness 

(Brinkerhoff, 2004). 

These different forms of accountability interact with one another to create a comprehensive 

governance framework within health systems. 

Structural Features of the English Health System 

Historical Development of the NHS 

The establishment of the NHS represented a major transformation in British social policy. Prior 

to 1948, healthcare in the United Kingdom was delivered through a fragmented system of 

voluntary hospitals, municipal services, and private providers. Access to care was often limited 

by income, employment status, or geographic location. 

Following the recommendations of the Beveridge Report in 1942, the British government 

introduced the NHS as part of a broader welfare state initiative aimed at addressing social 

inequalities and improving population health. The NHS was founded on three core principles: 

healthcare should be universal, comprehensive, and free at the point of use (Greer & Lillvis, 

2021). 

Over time, the NHS has undergone numerous reforms aimed at improving efficiency, quality, 

and accountability. In the 1990s, the introduction of the internal market created a separation 

between purchasers and providers of healthcare services. Later reforms introduced performance 

targets, expanded regulatory oversight, and promoted greater patient choice (Bevan & Hood, 

2006; Hood, 2010). 

More recent reforms have focused on integrating health and social care services through the 

development of Integrated Care Systems (ICSs). These regional partnerships aim to improve 

coordination between healthcare providers and local authorities while maintaining 

accountability for service delivery (NHS England, 2022). 

 

Institutional Architecture 

The governance structure of the NHS involves multiple organizations with distinct roles and 

responsibilities. At the national level, the Department of Health and Social Care (DHSC) sets 

policy priorities and allocates funding. The Secretary of State for Health and Social Care is 

accountable to Parliament for the overall performance of the NHS. 
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NHS England is responsible for implementing national health policies, commissioning 

specialized services, and overseeing the performance of healthcare providers. It plays a key role 

in managing the operational aspects of the health system and ensuring that services meet 

national standards (Appleby et al., 2020). 

Integrated Care Systems operate at the regional level and are responsible for coordinating 

healthcare planning across hospitals, primary care providers, community services, and local 

authorities. These systems aim to improve collaboration and address population health needs 

more effectively. 

Independent regulatory bodies also play an essential role in the accountability framework. The 

Care Quality Commission (CQC) inspects healthcare providers and evaluates the quality and 

safety of services, while the National Institute for Health and Care Excellence (NICE) develops 

evidence-based clinical guidelines and conducts health technology assessments (Legido-

Quigley et al., 2018). 

Together, these institutions create a complex governance structure that supports multiple forms 

of accountability. 

 

Accountability Mechanisms in Practice 

Vertical Accountability 

Vertical accountability refers to the mechanisms through which public institutions are held 

accountable to citizens and political authorities. In the NHS, vertical accountability is primarily 

exercised through parliamentary oversight and public reporting. 

Parliamentary committees regularly examine healthcare policies and scrutinize government 

spending on health services. Ministers and senior officials are required to explain policy 

decisions and provide evidence regarding the performance of the NHS. 

Public transparency initiatives also support vertical accountability. NHS organizations publish 

detailed information about service performance, including waiting times, clinical outcomes, and 

patient satisfaction. These data allow citizens, journalists, and researchers to evaluate the 

effectiveness of healthcare services (NHS England, 2021). 
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Parliamentary committees regularly examine healthcare policies and scrutinize government 

spending on health services. Ministers and senior officials are required to explain policy 

decisions and provide evidence regarding the performance of the NHS. 

Public transparency initiatives also support vertical accountability. NHS organizations publish 

detailed information about service performance, including waiting times, clinical outcomes, and 

patient satisfaction. These data allow citizens, journalists, and researchers to evaluate the 

effectiveness of healthcare services (NHS England, 2021). 

Horizontal Accountability 

Horizontal accountability refers to oversight relationships between institutions operating at 

similar levels of authority. In the English health system, regulatory agencies perform this 

function by monitoring healthcare providers and enforcing quality standards. 

The Care Quality Commission conducts inspections of hospitals, clinics, and community health 

services to evaluate their performance. Providers are rated based on criteria such as safety, 

effectiveness, and responsiveness to patient needs. 

NICE contributes to horizontal accountability by developing clinical guidelines that establish 

evidence-based standards of care. These guidelines help ensure consistency across the NHS and 

support cost-effective decision-making (Legido-Quigley et al., 2018). 

 

Professional Accountability 

Professional accountability is maintained through regulatory bodies such as the General 

Medical Council (GMC) and the Nursing and Midwifery Council (NMC). These organizations 

regulate professional conduct, maintain registers of qualified practitioners, and investigate 

complaints about clinical practice. 

Professional accountability plays a crucial role in healthcare because clinical decision-making 

often requires specialized expertise and independent judgment. By enforcing professional 

standards, regulatory bodies help protect patients and maintain trust in the healthcare system 

(Freidson, 2001). 

 

Performance Measurement and Quality Standards 

Performance measurement has become a central component of accountability in the NHS. 

Indicators are used to monitor a wide range of outcomes, including waiting times, treatment 

effectiveness, financial performance, and patient satisfaction. 
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Targets such as the 18-week referral-to-treatment standard and the four-hour emergency 

department waiting time target provide measurable benchmarks for evaluating healthcare 

performance (Bevan & Hood, 2006). 

However, the use of performance targets has also generated debate. Some scholars argue that 

strict targets can encourage organizations to focus on meeting numerical goals rather than 

improving underlying service quality. This phenomenon, often referred to as “gaming,” can 

lead to unintended consequences such as data manipulation or the prioritization of easily 

measurable outcomes over more complex aspects of care (Hood, 2010). 

Despite these concerns, performance measurement remains an important tool for promoting 

accountability and transparency within healthcare systems. 

 

Transparency and Public Engagement 

Transparency and public participation are increasingly recognized as essential components of 

healthcare accountability. 

The NHS has implemented extensive open data initiatives that make information about service 

performance and financial expenditures publicly available. These datasets allow independent 

researchers, journalists, and civil society organizations to analyze healthcare performance and 

identify areas requiring improvement (Timmins, 2019). 

Public engagement mechanisms also play an important role. Patient experience surveys, 

community advisory boards, and complaint procedures provide opportunities for individuals to 

share their perspectives and influence healthcare policy. 

These mechanisms help ensure that healthcare institutions remain responsive to the needs and 

expectations of the communities they serve. 

Challenges and Accountability 

Despite the presence of comprehensive accountability mechanisms, the English health system 

faces several significant challenges. 



International Studies in the Field of Health Sciences - March 2026

73

Targets such as the 18-week referral-to-treatment standard and the four-hour emergency 

department waiting time target provide measurable benchmarks for evaluating healthcare 

performance (Bevan & Hood, 2006). 
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strict targets can encourage organizations to focus on meeting numerical goals rather than 

improving underlying service quality. This phenomenon, often referred to as “gaming,” can 

lead to unintended consequences such as data manipulation or the prioritization of easily 

measurable outcomes over more complex aspects of care (Hood, 2010). 

Despite these concerns, performance measurement remains an important tool for promoting 

accountability and transparency within healthcare systems. 

 

Transparency and Public Engagement 

Transparency and public participation are increasingly recognized as essential components of 
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The NHS has implemented extensive open data initiatives that make information about service 

performance and financial expenditures publicly available. These datasets allow independent 

researchers, journalists, and civil society organizations to analyze healthcare performance and 

identify areas requiring improvement (Timmins, 2019). 

Public engagement mechanisms also play an important role. Patient experience surveys, 

community advisory boards, and complaint procedures provide opportunities for individuals to 

share their perspectives and influence healthcare policy. 

These mechanisms help ensure that healthcare institutions remain responsive to the needs and 

expectations of the communities they serve. 

Challenges and Accountability 

Despite the presence of comprehensive accountability mechanisms, the English health system 

faces several significant challenges. 

Regional inequalities remain a persistent issue, with variations in healthcare access and 

outcomes across different parts of the country (Marmot et al., 2020). 

Socioeconomic disparities also affect health outcomes, highlighting the need for accountability 

frameworks that prioritize equity alongside efficiency. 

In addition, financial pressures resulting from population aging, technological innovation, and 

rising demand for services place strain on healthcare organizations and complicate 

accountability relationships (Appleby et al., 2020). 

 

Opportunities for Strengthening Accountability 

Future reforms in the English health system may focus on improving integration between 

healthcare providers, expanding digital transparency tools, and strengthening community 

participation in governance. 

Emerging technologies such as electronic health records and data analytics offer new 

opportunities for monitoring performance and improving transparency. 

At the same time, policymakers must ensure that accountability mechanisms promote 

meaningful improvements in healthcare quality rather than simply encouraging bureaucratic 

compliance. 

Conclusion 

Accountability is a central component of governance within the English health system. Through 

a combination of political oversight, regulatory monitoring, professional governance, and 

public participation, the NHS has developed a complex framework designed to ensure 

transparency, quality, and responsiveness. 

However, maintaining effective accountability requires continuous adaptation in response to 

evolving challenges. Financial pressures, demographic change, and persistent health 

inequalities highlight the need for innovative governance strategies that balance efficiency with 

equity. 
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Strengthening accountability mechanisms will be essential for ensuring that the NHS continues 

to deliver high-quality healthcare while maintaining public trust in the years ahead. 
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Introduction 

Cancer has traditionally been conceptualized as a genetic and biochemical disease; however, 

emerging evidence increasingly supports the notion that cancer is also fundamentally a 

biophysical disorder characterized by alterations in electrical, mechanical, and electrochemical 

properties of cells and tissues (Maqoud et al., 2023). Among these properties, bioelectrical 

signaling-primarily governed by membrane potential (Vm), ion fluxes, and channel activity-

has gained significant attention as a central regulator of tumor initiation, progression, and 

therapeutic response (Doldi et al., 2024). Membrane potential, defined as the voltage difference 

across the plasma membrane, integrates ionic gradients and channel activity to orchestrate key 

cellular processes including proliferation, differentiation, migration, and apoptosis (Maqoud et 

al., 2023). In cancer cells, Vm is typically depolarized relative to normal cells, a state that has 

been consistently associated with enhanced proliferative capacity and resistance to programmed 

cell death (Maqoud et al., 2023). This depolarized state is not merely a passive consequence of 

oncogenic transformation but is associated with alterations in intracellular signaling pathways, 

including PI3K/AKT, MAPK, and STAT cascades (Zhou et al., 2025). Importantly, bioelectrical 

signaling extends beyond cancer cells themselves and encompasses the entire tumor 

microenvironment (TME), including immune cells, fibroblasts, and endothelial cells (Zhang et 

al., 2025). Cancer-associated fibroblasts (CAFs), for example, exhibit altered 

electrophysiological properties characterized by increased Na⁺, Ca²⁺, and K⁺ conductance, 

which enhances their contractility, extracellular matrix remodeling, and tumor-promoting 

functions (Doldi et al., 2024). Similarly, tumor-associated neutrophils (TANs) and macrophages 

contribute to tumor progression through osmotic and signaling mechanisms involving channels 

such as aquaporins (Xu et al., 2025). Mechanical and microenvironmental factors influence 

intracellular signaling and tumor progression through integrated biochemical and structural 

pathways (Zhang et al., 2025). At the intracellular level, ion fluxes-particularly Ca²⁺ signaling 

is closely associated with the regulation of cell fate decisions, including proliferation, apoptosis, 

ferroptosis, and emerging forms of cell death such as calcicoptosis (Yang et al., 2025). 

Disruption of Ca²⁺ homeostasis can induce mitochondrial dysfunction, endoplasmic reticulum 

stress, and oxidative damage, ultimately leading to cell death or adaptation depending on the 

context (Fernandez-Alarcon et al., 2025). Recent advances in nanotechnology and 

bioengineering have enabled targeted manipulation of these bioelectric processes, allowing 

simultaneous induction of multiple death pathways such as ferroptosis and pyroptosis (Wu et 

al., 2025). These findings underscore the concept that cancer cells can be reprogrammed 
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contribute to tumor progression through osmotic and signaling mechanisms involving channels 

such as aquaporins (Xu et al., 2025). Mechanical and microenvironmental factors influence 

intracellular signaling and tumor progression through integrated biochemical and structural 

pathways (Zhang et al., 2025). At the intracellular level, ion fluxes-particularly Ca²⁺ signaling 

is closely associated with the regulation of cell fate decisions, including proliferation, apoptosis, 

ferroptosis, and emerging forms of cell death such as calcicoptosis (Yang et al., 2025). 

Disruption of Ca²⁺ homeostasis can induce mitochondrial dysfunction, endoplasmic reticulum 

stress, and oxidative damage, ultimately leading to cell death or adaptation depending on the 

context (Fernandez-Alarcon et al., 2025). Recent advances in nanotechnology and 

bioengineering have enabled targeted manipulation of these bioelectric processes, allowing 

simultaneous induction of multiple death pathways such as ferroptosis and pyroptosis (Wu et 

al., 2025). These findings underscore the concept that cancer cells can be reprogrammed 

through controlled perturbation of their electrical and ionic states. In addition to intracellular 

signaling, immune responses within the tumor microenvironment are modulated by cytokine-

mediated signaling pathways (Garcia-Lacarte et al., 2025). For instance, tumor-derived IL-10 

signaling plays a critical role in shaping the lymphoma microenvironment and modulating 

response to immunotherapy (Garcia-Lacarte et al., 2025). Furthermore, bioelectric 

interventions such as irreversible electroporation can reshape the tumor microenvironment by 

inducing immunogenic cell death and promoting pro-inflammatory immune responses (Imran 

et al., 2024). Collectively, these studies suggest that cancer should be redefined as a 

“multicellular channelopathy,” in which dysregulated ion channel activity and membrane 

potential dynamics orchestrate tumor behavior across multiple cellular compartments (Maqoud 

et al., 2023). This perspective provides a unifying framework that integrates electrical, 

biochemical, and mechanical aspects of tumor biology, opening new avenues for diagnosis and 

therapy (Doldi et al., 2024). Therefore, understanding the biophysical basis of bioelectrical 

signaling in cancer is essential for the development of next-generation therapeutic strategies 

targeting ion channels, membrane potential, and electrophysiological networks within tumors. 

Membrane Potential and Cancer Cells 

Membrane potential (Vm) represents a dynamic and integrative biophysical parameter that 

reflects the collective activity of ion channels, transporters, and pumps, thereby orchestrating 

cancer cell behavior at multiple levels (Maqoud et al., 2023). In malignant cells, Vm is 

characteristically depolarized compared to normal counterparts, a state that has been associated 

with enhanced proliferative capacity and reduced differentiation (Maqoud et al., 2023). This 

depolarized electrical state is associated with changes in signaling pathways related to cell cycle 

regulation by modulating intracellular signaling pathways and ion fluxes (Zhou et al., 2025). 

Furthermore, depolarization alters the electrochemical driving force for Ca²⁺ entry, thereby 

reshaping intracellular calcium signaling networks that regulate gene expression and metabolic 

reprogramming (Yang et al., 2025). Importantly, Vm is not a static parameter but undergoes 

spatiotemporal fluctuations that may encode regulatory information governing tumor growth 

and organization (Maqoud et al., 2023). These electrical gradients can propagate across cell 

populations through gap junctions, allowing coordinated behavior within tumor tissues (Zhang 

et al., 2025). In addition, cancer-associated fibroblasts exhibit altered Vm and increased 

electrical conductance, which contribute to extracellular matrix remodeling and tumor stiffness 

(Doldi et al., 2024). This suggests that bioelectrical dysregulation may extend beyond tumor 

cells but represents a multicellular phenomenon involving the tumor microenvironment (Xu et 
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al., 2025). Moreover, microenvironmental and structural factors influence tumor progression 

through integrated signaling networks and extracellular matrix interactions (Zhang et al., 2025). 

These findings collectively support the concept that membrane potential functions as a key 

integrator of biochemical and biophysical signals in cancer biology.  

Ion Channels (Ca²⁺, K⁺, Na⁺) 

Ion channels are central regulators of bioelectrical signaling and contribute to tumor progression 

by controlling ion fluxes and membrane excitability (Maqoud et al., 2023). Among these, Ca²⁺ 

channels are closely involved in intracellular signaling cascades associated with proliferation, 

apoptosis, and metabolic adaptation (Yang et al., 2025). Sustained Ca²⁺ influx has been 

associated with activation of signaling pathways such as PI3K/AKT and MAPK, which are 

known to promote tumor cell survival and growth (Zhou et al., 2025). Potassium channels, 

particularly ATP-sensitive K⁺ channels, link cellular metabolic status to electrical activity and 

contribute to the maintenance of depolarized membrane states observed in cancer cells (Maqoud 

et al., 2023). Alterations in K⁺ channel activity influence cell cycle regulation by modulating 

membrane potential and intracellular ionic balance (Maqoud et al., 2023). Voltage-gated sodium 

channels have been associated with increased cellular motility and invasiveness through their 

effects on cytoskeletal dynamics and extracellular matrix interactions (Doldi et al., 2024). In 

addition, tumor progression is also influenced by interactions within the tumor 

microenvironment, including macrophage polarization dynamics that regulate tumor-associated 

immune responses (Qiu et al., 2025). Similarly, aquaporins such as AQP9 contribute to tumor 

progression by modulating osmotic balance and activating signaling pathways such as STAT3 

(Xu et al., 2025). These findings indicate that ion channels function not only as passive conduits 

for ion transport but also as regulators of complex signaling networks involved in cancer 

progression.  

Electrophysiological Mechanisms of Proliferation 

Electrophysiological signaling is associated with cancer cell proliferation through modulation 

of intracellular signaling pathways and gene expression programs (Zhou et al., 2025). Changes 

in membrane potential and ion fluxes are linked to key oncogenic pathways such as PI3K/AKT 

and MAPK, which regulate cell cycle progression (Zhou et al., 2025). Calcium-dependent 

signaling further modulates cyclin expression and checkpoint control, thereby influencing 

proliferative capacity (Yang et al., 2025). In addition to intracellular signaling, tumor 

proliferation is influenced by interactions with the tumor microenvironment, including immune 

and stromal components (Mousset et al., 2023). Neutrophil extracellular traps have been shown 
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membrane potential and intracellular ionic balance (Maqoud et al., 2023). Voltage-gated sodium 

channels have been associated with increased cellular motility and invasiveness through their 

effects on cytoskeletal dynamics and extracellular matrix interactions (Doldi et al., 2024). In 

addition, tumor progression is also influenced by interactions within the tumor 

microenvironment, including macrophage polarization dynamics that regulate tumor-associated 

immune responses (Qiu et al., 2025). Similarly, aquaporins such as AQP9 contribute to tumor 

progression by modulating osmotic balance and activating signaling pathways such as STAT3 

(Xu et al., 2025). These findings indicate that ion channels function not only as passive conduits 

for ion transport but also as regulators of complex signaling networks involved in cancer 

progression.  

Electrophysiological Mechanisms of Proliferation 

Electrophysiological signaling is associated with cancer cell proliferation through modulation 

of intracellular signaling pathways and gene expression programs (Zhou et al., 2025). Changes 

in membrane potential and ion fluxes are linked to key oncogenic pathways such as PI3K/AKT 

and MAPK, which regulate cell cycle progression (Zhou et al., 2025). Calcium-dependent 

signaling further modulates cyclin expression and checkpoint control, thereby influencing 

proliferative capacity (Yang et al., 2025). In addition to intracellular signaling, tumor 

proliferation is influenced by interactions with the tumor microenvironment, including immune 

and stromal components (Mousset et al., 2023). Neutrophil extracellular traps have been shown 

to promote tumor growth and therapy resistance through activation of TGF-β signaling 

pathways (Mousset et al., 2023). Furthermore, tumor–immune interactions, including CD8+ T 

cell-mediated cytotoxicity, contribute to the regulation of tumor progression and therapeutic 

response (Huang et al., 2024). Tumor progression is also shaped by macrophage polarization 

dynamics within the microenvironment, which influence inflammatory signaling and tumor 

growth (Qiu et al., 2025). Overall, electrophysiological mechanisms represent an important 

regulatory axis through which cancer cells integrate intracellular and microenvironmental 

signals to sustain proliferation.  

Apoptosis and Electrical Signals 

Bioelectrical signaling is closely associated with the regulation of programmed cell death 

through modulation of ion homeostasis and mitochondrial function (Yang et al., 2025). 

Disruption of ion balance can induce mitochondrial dysfunction, leading to loss of membrane 

potential, cytochrome c release, and activation of apoptotic pathways (Fernandez-Alarcon et 

al., 2025). This process highlights the close relationship between electrical signaling and 

metabolic regulation in cancer cells (Fernandez-Alarcon et al., 2025). Beyond apoptosis, 

bioelectrical perturbations can induce additional forms of regulated cell death such as 

ferroptosis and pyroptosis (Wu et al., 2025). Targeted modulation of Ca²⁺ signaling has been 

associated with the induction of synergistic cell death pathways, including calcicoptosis and 

ferroptosis, thereby enhancing anti-tumor efficacy (Yang et al., 2025). Hyperthermia-induced 

changes in membrane properties can further promote apoptosis through signaling pathways 

such as Hippo/YAP (Li et al., 2025). Additionally, immune-mediated mechanisms contribute to 

tumor cell death through cytokine signaling and microenvironmental regulation (Garcia-

Lacarte et al., 2025).  

Bioelectricity as a Therapeutic Target 

Targeting bioelectrical signaling is considered a promising strategy for cancer therapy by 

modulating ion channels and membrane potential (Doldi et al., 2024). Pharmacological 

approaches have shown potential in reprogramming cancer-associated fibroblasts and 

suppressing tumor progression (Doldi et al., 2024). Physical approaches such as irreversible 

electroporation induce tumor cell death by disrupting membrane integrity and promoting anti-

tumor immune responses (Imran et al., 2024). These interventions may contribute to reshaping 

the tumor microenvironment by enhancing pro-inflammatory signaling and immune activation 

(Imran et al., 2024). Advances in nanotechnology enable targeted modulation of bioelectrical 

and ionic states, improving therapeutic precision and efficacy (Zhang et al., 2025). For example, 
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ultrasound-activated platforms can induce immunogenic cell death through activation of the 

cGAS-STING pathway (Wu et al., 2025). Targeting tumor–immune interactions, including 

macrophage polarization pathways, represents an emerging therapeutic strategy for improving 

treatment outcomes (Qiu et al., 2025).  

Conclusions 

Bioelectrical signaling represents an emerging dimension of cancer biology by integrating 

electrical, chemical, and microenvironmental processes that regulate tumor behavior (Maqoud 

et al., 2023). The concept of cancer as a multicellular channelopathy highlights the role of ion 

channels and membrane potential in tumor progression (Doldi et al., 2024). This perspective 

complements traditional genetic models by incorporating dynamic biophysical processes that 

influence cell fate and tissue organization (Xu et al., 2025). Recent advances demonstrate that 

bioelectrical pathways may be targeted through pharmacological, physical, and 

nanotechnological approaches to enhance therapeutic efficacy (Imran et al., 2024). The 

integration of bioelectric signaling with intracellular and immune pathways provides new 

opportunities for precision oncology (Zhou et al., 2025). Future research should focus on 

quantitative mapping of membrane potential dynamics and the translation of bioelectric 

therapies into clinical practice.  
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Introduction 

Healthcare services are among the most important public services in modern welfare 

states. Healthcare systems are not limited to treating diseases but also have broader objectives 

such as disease prevention, ensuring access to healthcare, and improving public health (World 

Health Organization) . Organization [WHO], 2023). 

Healthcare systems in different countries vary significantly in terms of funding, 

management, and service delivery. These differences are generally related to the countries' 

economic structures, social policy approaches, and historical development processes ( Blank 

& Burau , 2017). 

Sweden, Norway, and Finland, collectively known as the Scandinavian countries, are 

frequently studied in international literature due to their strong social policy structures and 

predominantly public healthcare systems . In these countries, healthcare services are largely 

financed through a tax-based model, and access to healthcare is considered a fundamental 

civic right ( Saltman , Bankauskaite , & Vrangbaek , 2007). 

Scandinavian healthcare systems are often evaluated within the framework of the 

Beveridge model . In this model, healthcare services are financed through general taxes, and 

the public sector plays a dominant role in service delivery ( Wendt , Frisina , & Rothgang , 

2009). 

Healthcare systems are one of the fundamental institutional structures that determine 

the well-being of societies. Sweden, Norway, and Finland, known as the Scandinavian 

countries, hold a significant place in the world healthcare system literature due to their strong 

welfare state structures and universal healthcare concepts . In these countries, healthcare 

services are largely publicly funded, and equal access to healthcare for citizens is adopted as a 

fundamental policy objective. The aim of this study is to comparatively examine the 

healthcare systems of Sweden, Norway, and Finland and to evaluate their key characteristics. 

2. The Welfare State and Scandinavian Health Policies 

The Scandinavian countries represent some of the most advanced examples of the 

welfare state model. The welfare state is a social policy model in which the state plays an 

active role in health, education, and social services to ensure the social security of its citizens 

( Esping -Andersen, 1990). 

the Nordic welfare state can be summarized as follows: 
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the public sector plays a dominant role in service delivery ( Wendt , Frisina , & Rothgang , 

2009). 

Healthcare systems are one of the fundamental institutional structures that determine 

the well-being of societies. Sweden, Norway, and Finland, known as the Scandinavian 

countries, hold a significant place in the world healthcare system literature due to their strong 

welfare state structures and universal healthcare concepts . In these countries, healthcare 

services are largely publicly funded, and equal access to healthcare for citizens is adopted as a 

fundamental policy objective. The aim of this study is to comparatively examine the 

healthcare systems of Sweden, Norway, and Finland and to evaluate their key characteristics. 

2. The Welfare State and Scandinavian Health Policies 

The Scandinavian countries represent some of the most advanced examples of the 

welfare state model. The welfare state is a social policy model in which the state plays an 

active role in health, education, and social services to ensure the social security of its citizens 

( Esping -Andersen, 1990). 

the Nordic welfare state can be summarized as follows: 

• Universal social rights 

• Policies aimed at reducing income inequality. 

• high government spending 

• strong public services 

• social solidarity 

In this model, healthcare is considered a fundamental social right, and the state 

guarantees citizens' access to healthcare (Greve, 2019). 

The basic principles of healthcare systems in Scandinavian countries are as follows: 

• Universal inclusivity 

• Equal access 

• Public finance 

• The active role of local governments 

• Prioritizing preventive health services. 

In line with these principles, health systems aim to improve both individual and public 

health levels. 

 

3. Swedish Public Health System 

Healthcare systems are considered one of the most fundamental elements of a state's 

social welfare policies. The accessibility, financing, and organization of healthcare services 

develop in different models depending on the economic, political, and social structures of 

each country. In this context, Scandinavian welfare states have developed healthcare systems 

notable for their universal healthcare provision and strong public funding. Sweden, in 

particular, stands out among these countries with its tax-based financing model, decentralized 

governance approach, and universal health coverage. 

The Swedish healthcare system is fundamentally based on the principles of equality, 

need, and human dignity. These principles guide the planning and distribution of healthcare 

services. The system aims to ensure equal access to healthcare for all citizens and individuals 

living in the country ( Anell , Glenngård , & Merkur , 2012). Healthcare services are largely 

publicly funded, and service delivery is largely managed by regional administrations. 
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The Swedish healthcare system has long been among the top-performing systems in 

international comparisons. High life expectancy, low infant mortality rates, and strong public 

health indicators are considered indicators of its success. However, the system also faces 

various structural problems such as long waiting times, shortages of healthcare personnel, and 

an aging population. 

This section comprehensively examines the historical development, institutional 

structure, financing model, service delivery, and current reforms of the Swedish public health 

system. 

3.1. Historical Development of the Swedish Healthcare System 

The development of the modern healthcare system in Sweden dates back to the early 

20th century. However, its institutional strengthening occurred after World War II with the 

widespread adoption of welfare state policies. Reforms in the field of social policy during the 

1940s and 1950s ensured that healthcare services were considered a public responsibility. 

The Hospital Act of the 1960s marked a significant turning point in the organization of 

healthcare services. This regulation largely transferred the planning and management of 

healthcare services to local governments. This approach formed the basis of the decentralized 

model of the Swedish healthcare system, which continues to this day ( Saltman , Bankauskaite 

, & Vrangbæk , 2007). 

In the 1970s, the scope of health services was expanded, and significant progress was 

made in accessing healthcare. During this period, policies were implemented particularly 

aimed at strengthening primary healthcare services. 

In the 1990s, reforms were implemented in the Swedish healthcare system to increase 

efficiency and control costs. These reforms included the introduction of competitive service 

delivery in some regions, performance-based payment models, and limited inclusion of 

private service providers in the system . 

In the 2000s, the main focus of the healthcare system became improving service 

quality, patient-centered care, and digital transformation in healthcare services. 

3.2. Fundamental Principles of the Swedish Healthcare System 

The organization of the Swedish healthcare system is based on three fundamental 

ethical principles: 

• The Principle of Human Dignity 
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The Hospital Act of the 1960s marked a significant turning point in the organization of 

healthcare services. This regulation largely transferred the planning and management of 

healthcare services to local governments. This approach formed the basis of the decentralized 

model of the Swedish healthcare system, which continues to this day ( Saltman , Bankauskaite 

, & Vrangbæk , 2007). 

In the 1970s, the scope of health services was expanded, and significant progress was 

made in accessing healthcare. During this period, policies were implemented particularly 

aimed at strengthening primary healthcare services. 

In the 1990s, reforms were implemented in the Swedish healthcare system to increase 

efficiency and control costs. These reforms included the introduction of competitive service 

delivery in some regions, performance-based payment models, and limited inclusion of 

private service providers in the system . 

In the 2000s, the main focus of the healthcare system became improving service 

quality, patient-centered care, and digital transformation in healthcare services. 

3.2. Fundamental Principles of the Swedish Healthcare System 

The organization of the Swedish healthcare system is based on three fundamental 

ethical principles: 

• The Principle of Human Dignity 

According to this principle, there should be no discrimination in the provision of 

health services between individuals based on factors such as economic status, social 

status, or age. All individuals have the right to equal access to health services. 

• The Principle of Need and Solidarity 

This principle stipulates that priority should be given to individuals with high 

health needs in the distribution of health services. The aim is thus to ensure a more 

equitable distribution of health service resources. 

• Cost-Effectiveness Principle 

The goal of health policy planning is to utilize existing resources in the most 

efficient way. Therefore, economic evaluations and cost-effectiveness analyses play an 

important role in the health system. 

 

3.3. Institutional Structure of the Health System 

The Swedish healthcare system has a three-tier governance model: 

• National Level 

The Ministry of Health and Social Affairs is responsible for determining national 

health policies. The Ministry sets the general framework for health policies and prepares legal 

regulations concerning the organization of the health system. 

Some important institutions operating at the national level include: the National Board 

of Health and Welfare, the Public Health Agency, and the Medical Devices Agency. 

These institutions undertake tasks such as monitoring the implementation of health 

policies, developing quality standards, and analyzing health data. 

• Regional Level 

One of the most important features of the Swedish health system is that health services 

are largely administered by 21 regional administrations ( regions ). These regions are 

responsible for the financing, planning and delivery of health services (WHO, 2023). 

Regional administrations perform the following tasks: 

• Hospital management 

• specialized health services 
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• creation of a health budget 

• quality control of healthcare services 

Regional governments also have the authority to collect local income tax to fund 

healthcare services. 

• Local Level 

In Sweden, approximately 290 municipalities are responsible for a significant portion 

of health and social care services. These municipalities primarily provide the following 

services: 

• elderly care services 

• home care services 

• rehabilitation services 

• school health services 

integration between healthcare and social care services . 

 

3.3. Financing of the Health System 

The Swedish healthcare system is largely funded by a tax-based model. 

Approximately 80–86% of total healthcare spending comes from public funds (WHO, 2023; 

OECD, 2023). 

Funding sources can generally be grouped under four main headings: 

• Taxes 

The most important source of funding for the healthcare system is local and 

regional taxes. Regional governments have the authority to collect income tax to finance 

healthcare services. 

• Central Government Transfers 

The central government provides various financial transfers to reduce economic 

disparities between regions. These transfers support the provision of healthcare services at 

equal standards throughout the country. 

• Patient Co-payments 
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3.3. Financing of the Health System 

The Swedish healthcare system is largely funded by a tax-based model. 

Approximately 80–86% of total healthcare spending comes from public funds (WHO, 2023; 

OECD, 2023). 

Funding sources can generally be grouped under four main headings: 

• Taxes 

The most important source of funding for the healthcare system is local and 

regional taxes. Regional governments have the authority to collect income tax to finance 

healthcare services. 

• Central Government Transfers 

The central government provides various financial transfers to reduce economic 

disparities between regions. These transfers support the provision of healthcare services at 

equal standards throughout the country. 

• Patient Co-payments 

The Swedish healthcare system includes patient co-payments. However, these co-

payments are limited and have an annual upper limit. This practice aims to prevent 

financial barriers to accessing healthcare services. 

• Private Health Insurance 

In Sweden, the role of private health insurance is quite limited and is used by only 

a small portion of the population. Private insurance is generally preferred for 

supplementary services. 

3.4. Provision of Health Services 

The Swedish healthcare system consists of three main service levels: 

1. Primary Healthcare Services 

Primary healthcare services are considered the entry point into the healthcare system. 

These services are generally provided through health centers ( vårdcentral ). 

The healthcare professionals working at these centers include: 

• family doctors 

• nurses 

• physiotherapists 

• psychologists 

The basic functions of primary healthcare services are as follows: 

• early diagnosis of diseases 

• management of chronic diseases 

• preventive health services 

In recent years, Sweden has implemented various reforms aimed at strengthening 

primary healthcare services. 

2. Secondary Healthcare Services 

Secondary healthcare services encompass specialist services offered at regional 

hospitals. These hospitals provide diagnostic and treatment services, as well as emergency 

medical services. 

3. Tertiary Healthcare Services 
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Tertiary healthcare encompasses advanced treatment services offered at university 

hospitals. These hospitals also play a significant role in medical education and research. 

 

3.5. Health Technologies and Digital Health Applications 

The Swedish healthcare system is one of the leading countries in Europe in the use of 

digital health technologies. In particular, electronic health records, telemedicine applications, 

and digital health platforms contribute to the more efficient delivery of healthcare services. 

Thanks to digital health systems: 

• Patient data can be managed more effectively. 

• Access to healthcare services is becoming easier. 

• healthcare services is being increased. 

  

3.6. Performance of the Swedish Healthcare System 

The Swedish healthcare system has achieved very successful results in terms of 

international health indicators. It particularly excels in the following areas: 

• high life expectancy 

• low infant mortality rates 

• effective management of chronic diseases 

However, the performance of the health system can vary from region to region. 

 

3.7. Problems Encountered in the Healthcare System 

Despite its many strengths, the Swedish healthcare system faces some significant 

challenges. 

• Waiting Times 

One of the most frequently discussed issues in the Swedish healthcare system is 

the long waiting times for some healthcare services. 

• Healthcare Personnel Shortage 



International Studies in the Field of Health Sciences - March 2026

95

Tertiary healthcare encompasses advanced treatment services offered at university 

hospitals. These hospitals also play a significant role in medical education and research. 

 

3.5. Health Technologies and Digital Health Applications 

The Swedish healthcare system is one of the leading countries in Europe in the use of 

digital health technologies. In particular, electronic health records, telemedicine applications, 

and digital health platforms contribute to the more efficient delivery of healthcare services. 

Thanks to digital health systems: 

• Patient data can be managed more effectively. 

• Access to healthcare services is becoming easier. 

• healthcare services is being increased. 
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The Swedish healthcare system has achieved very successful results in terms of 

international health indicators. It particularly excels in the following areas: 

• high life expectancy 

• low infant mortality rates 

• effective management of chronic diseases 

However, the performance of the health system can vary from region to region. 

 

3.7. Problems Encountered in the Healthcare System 

Despite its many strengths, the Swedish healthcare system faces some significant 

challenges. 

• Waiting Times 

One of the most frequently discussed issues in the Swedish healthcare system is 

the long waiting times for some healthcare services. 

• Healthcare Personnel Shortage 

In recent years, the shortage of nurses and specialist doctors has become a 

significant problem in the healthcare sector. 

• Demographic Change 

The aging population of Sweden is leading to increased demand for healthcare 

services. This is creating a significant policy debate regarding the sustainability of the 

healthcare system. 

 

3.8. Current Health Reforms 

In recent years, various reforms have been implemented in the Swedish healthcare 

system. The main aim of these reforms is to increase access to healthcare services and 

improve the efficiency of the system. 

The reforms focus on the following: 

• strengthening primary healthcare services 

• Increasing digitalization in healthcare services 

• reducing waiting times 

• Development of quality measurement systems in healthcare services 

 

4. Norwegian Public Health System 

Norway, part of the Scandinavian welfare state model, stands out with its strong public 

finances, universal healthcare coverage, and high health indicators. The Norwegian healthcare 

system is fundamentally based on the principles of equality, accessibility, and high quality. 

In Norway, healthcare services are largely publicly funded and organized. The system 

has a multi-layered governance structure based on the division of labor between the central 

government and local authorities. Planning and financing of healthcare services are largely 

carried out by public authorities, with a limited role for the private sector. This structure aims 

to ensure that healthcare services are provided equally and accessibly to the entire population 

( Ringard , Sagan, Sperre) . Saunes , & Lindahl , 2013). 

The Norwegian healthcare system is among the top-performing systems in 

international comparisons. High life expectancy, low infant mortality rates, and advanced 
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healthcare infrastructure are key indicators of its success. However, issues such as rising 

healthcare costs, an aging population, and a shortage of healthcare personnel remain on the 

agenda of healthcare policies. 

This section examines the historical development, institutional structure, financing 

model, organization of health services, and current reforms of the Norwegian public health 

system. 

4.1. Historical Development of the Norwegian Healthcare System 

The foundations of the modern healthcare system in Norway were laid in the mid-20th 

century. Following World War II, with the strengthening of welfare state policies in Europe, 

the concept of healthcare as a public responsibility became widespread. During this period, 

Norway implemented various reforms to increase access to healthcare and expand its social 

security system. 

The National Insurance Act, enacted in 1956, marked a significant turning point in the 

financing of healthcare. With this law, healthcare services became largely publicly funded. 

Furthermore, local governments assumed an important role in organizing healthcare services. 

During the 1980s and 1990s, various structural reforms were implemented in the 

Norwegian healthcare system. The main aim of these reforms was to increase the efficiency of 

healthcare services and strengthen the management structure. 

The Hospital Reform of 2002 is considered one of the most significant reforms to the 

Norwegian healthcare system. This reform transferred ownership and management of 

hospitals to the central government and established a new governance model for the 

organization of healthcare services ( Magnussen , Vrangbæk , & Saltman , 2009). 

This reform aims to manage hospital services more effectively and increase 

coordination among healthcare services. 

4.2. Fundamental Principles of the Norwegian Healthcare System 

The Norwegian healthcare system is based on three fundamental policy principles: 

• Equality 

Providing healthcare services equally to all individuals is one of the fundamental aims 

of the system. In Norway, access to healthcare is not dependent on an individual's income 

level or social status. 
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During the 1980s and 1990s, various structural reforms were implemented in the 

Norwegian healthcare system. The main aim of these reforms was to increase the efficiency of 

healthcare services and strengthen the management structure. 

The Hospital Reform of 2002 is considered one of the most significant reforms to the 

Norwegian healthcare system. This reform transferred ownership and management of 

hospitals to the central government and established a new governance model for the 

organization of healthcare services ( Magnussen , Vrangbæk , & Saltman , 2009). 

This reform aims to manage hospital services more effectively and increase 

coordination among healthcare services. 

4.2. Fundamental Principles of the Norwegian Healthcare System 

The Norwegian healthcare system is based on three fundamental policy principles: 

• Equality 

Providing healthcare services equally to all individuals is one of the fundamental aims 

of the system. In Norway, access to healthcare is not dependent on an individual's income 

level or social status. 

• Universal Inclusion 

The Norwegian healthcare system is a universal system covering the entire population. 

All individuals living in the country have the right to access public healthcare services. 

• Public Responsibility 

The financing and organization of healthcare services are largely carried out by public 

authorities. This ensures that healthcare services are provided equally throughout society. 

 

4.2.1. Institutional Structure of the Health System 

The Norwegian healthcare system has a multi-layered governance model. This 

structure consists of three main levels: National level, Regional level, and Local level. 

• National Level 

The Norwegian Ministry of Health and Care Services is responsible for setting 

national health policies. The Ministry defines the general framework of health policies and 

prepares legal regulations concerning the organization of the health system. 

Some important institutions operating at the national level include: 

• Norwegian Institute of Public Health 

• Norwegian Directorate of Health 

• Norwegian Medical Products Agency 

These institutions undertake tasks such as monitoring the implementation of health 

policies, analyzing health data, and evaluating the quality of health services. 

 

• Regional Level 

In Norway, hospital services are managed by four regional health authorities. These 

authorities are responsible for the planning, financing, and coordination of health services. 

Regional health authorities: 

• It provides management of hospitals. 

• health services. 

• It ensures coordination among health services. 
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This structure aims to ensure that healthcare services are provided equally across the 

country. 

• Local Level 

In Norway, municipalities are responsible for a significant portion of healthcare 

services. The main responsibilities of municipalities include: 

• primary healthcare services 

• family medicine services 

• home care services 

• elderly care services 

• rehabilitation services 

This structure allows healthcare services to be planned in a way that suits local needs. 

 

 

4.3 Financing of the Norwegian Health System 

The Norwegian healthcare system is largely funded by public resources. A significant 

portion of total healthcare expenditure comes from taxes and social security contributions 

(OECD, 2023). 

The main sources of funding for the health system are: 

• Taxes 

The most important source of funding for the Norwegian healthcare system is general 

taxes. The central government plays a significant role in financing healthcare services. 

• Social Security System 

In Norway, the National Insurance System makes a significant contribution to the 

financing of healthcare services. 

• Patient Co-payments 

In Norway, limited patient co-payments apply to some healthcare services. However, 

these co-payments are subject to a certain upper limit. 

• Private Health Insurance 
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• primary healthcare services 

• family medicine services 

• home care services 

• elderly care services 

• rehabilitation services 

This structure allows healthcare services to be planned in a way that suits local needs. 

 

 

4.3 Financing of the Norwegian Health System 

The Norwegian healthcare system is largely funded by public resources. A significant 

portion of total healthcare expenditure comes from taxes and social security contributions 

(OECD, 2023). 

The main sources of funding for the health system are: 

• Taxes 

The most important source of funding for the Norwegian healthcare system is general 

taxes. The central government plays a significant role in financing healthcare services. 

• Social Security System 

In Norway, the National Insurance System makes a significant contribution to the 

financing of healthcare services. 

• Patient Co-payments 

In Norway, limited patient co-payments apply to some healthcare services. However, 

these co-payments are subject to a certain upper limit. 

• Private Health Insurance 

The role of private health insurance in the Norwegian healthcare system is quite 

limited and is generally used for supplementary services. 

 

4.4. Organization of Health Services 

The Norwegian healthcare system consists of three basic service levels: 

• Primary Healthcare Services 

Primary healthcare services are considered the entry point into the healthcare system. 

These services are organized by municipalities. 

The essential components of primary care services are as follows: 

• family medicine services 

• public health services 

• preventive health services 

Norway has a very strong family doctor system, and a large proportion of the 

population is registered with a family doctor. 

 

• Secondary Healthcare Services 

Secondary healthcare services encompass specialist services offered in hospitals. 

These services are managed by regional health authorities. 

 

• Tertiary Healthcare Services 

Tertiary healthcare services include advanced treatment and research services. 

University hospitals play a significant role in providing these services. 

 

4.5. Digital Health in the Norwegian Health System 

Norway's healthcare system is one of the leading countries in Europe in the use of 

digital health applications. Electronic health records and telemedicine applications contribute 

to the more efficient delivery of healthcare services. 

Thanks to digital health systems: 
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• patient data is becoming easier. 

• Coordination among healthcare services is increasing. 

• healthcare services is becoming easier. 

 

4.6. Performance of the Health System 

Norway's healthcare system performs highly according to international health 

indicators. Life expectancy in Norway is above the OECD average, and infant mortality rates 

are quite low. 

These indicators show that the Norwegian health system is performing strongly. 

 

4.7. Problems Encountered in the Norwegian Healthcare System 

Despite its strengths, the Norwegian healthcare system faces some structural problems. 

• Waiting Times 

Waiting times are considered a significant problem for some specialized services. 

• Increase in Healthcare Spending 

An aging population and advancements in healthcare technologies are leading to 

increased healthcare costs. 

• Healthcare Personnel Shortage 

The shortage of healthcare personnel, particularly in rural areas, is considered a 

significant policy issue. 

 

4.8. Current Health Reforms 

The Norwegian government is implementing various reforms to improve the 

sustainability of its healthcare system. The main objectives of these reforms are as follows: 

• strengthening primary healthcare services 

• digital transformation in healthcare 

• increasing coordination among health services 
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increased healthcare costs. 

• Healthcare Personnel Shortage 

The shortage of healthcare personnel, particularly in rural areas, is considered a 

significant policy issue. 

 

4.8. Current Health Reforms 

The Norwegian government is implementing various reforms to improve the 

sustainability of its healthcare system. The main objectives of these reforms are as follows: 

• strengthening primary healthcare services 

• digital transformation in healthcare 

• increasing coordination among health services 

• increasing the efficiency of healthcare services 

5. The Finnish Public Health System 

Finland stands out with its comprehensive public health system and strong local 

governance model. The Finnish health system is fundamentally based on universal healthcare 

coverage, public funding, and the strong role of local governments. All individuals living in 

the country have the right to access healthcare services, and healthcare services are largely 

publicly funded. The Finnish health system has a multi-layered governance structure shared 

among the central government, regional administrations, and municipalities ( Tynkynen et al 

., 2019). 

The Finnish healthcare system generally performs well in international comparisons. 

The country has a high life expectancy, widespread access to healthcare, and a well-developed 

healthcare infrastructure. However, issues such as an aging population, rising healthcare costs, 

and regional inequalities in healthcare access are among the important agenda items of health 

policies. 

This section examines the historical development, institutional structure, financing 

model, organization of health services, system performance, and current reforms of the 

Finnish public health system. 

5.1. Historical Development of the Finnish Healthcare System 

The development of the modern healthcare system in Finland began in the mid-20th 

century. Following World War II, with the strengthening of welfare state policies in Europe, 

significant steps were taken in Finland to address healthcare services as a public 

responsibility. 

Significant reforms were implemented in the 1960s and 1970s that strengthened the 

institutional structure of the Finnish healthcare system. In particular, the Primary Healthcare 

Services Act of 1972 is considered a crucial turning point for the Finnish healthcare system. 

This law enabled municipalities to assume a central role in the organization of healthcare 

services ( Vuorenkoski , Mladovsky , & Mossialos , 2008). 

Since the 1970s, primary healthcare services provided through health centers have 

become a fundamental element of the Finnish healthcare system. These centers play a vital 

role in the delivery of community health services. 
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The economic crisis of the 1990s led to reforms in the Finnish healthcare system. 

During this period, various policy changes were implemented to control healthcare spending 

and improve the efficiency of healthcare services. 

In the 2000s, the main focus of the healthcare system became the integration of 

healthcare services , improving service quality, and developing digital health applications. 

5.2. Fundamental Principles of the Finnish Healthcare System 

The Finnish healthcare system is built on a number of fundamental policy principles. 

These principles play a crucial role in the planning and delivery of healthcare services. 

• Equality 

One of the fundamental principles of the Finnish healthcare system is ensuring 

equality in access to healthcare services. Healthcare services are provided regardless of 

individuals' income level or social status. 

• Universal Health Service 

In Finland, all citizens and individuals residing in the country have the right to access 

public health services. This ensures universal coverage of healthcare. 

• Public Responsibility 

The financing and organization of healthcare services are largely carried out by public 

authorities. This approach aims to ensure that healthcare services are provided equally 

throughout society. 

 

5.2.1 Institutional Structure of the Health System 

The Finnish healthcare system has a multi-layered governance model. This structure 

consists of three basic levels. 

National Level 

The Finnish Ministry of Social Affairs and Health is responsible for setting national 

health policies. The Ministry determines the overall strategies of the health system and 

oversees the implementation of health policies. 

Key institutions operating at the national level include: 

• Finnish Institute for Health and Welfare 
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5.2.1 Institutional Structure of the Health System 

The Finnish healthcare system has a multi-layered governance model. This structure 

consists of three basic levels. 

National Level 

The Finnish Ministry of Social Affairs and Health is responsible for setting national 

health policies. The Ministry determines the overall strategies of the health system and 

oversees the implementation of health policies. 

Key institutions operating at the national level include: 

• Finnish Institute for Health and Welfare 

• Finnish Medicines Agency 

• National Health Insurance Corporation 

These institutions undertake tasks such as regulating the health system, analyzing 

health data, and evaluating health policies. 

 

Regional Level 

In Finland, a significant portion of healthcare services are organized by regional 

administrations. With the healthcare reform implemented in 2023, the management of 

healthcare services was transferred to wellbeing zones . services They were transferred to new 

administrative units called counties . 

These regions are responsible for the following services: 

• hospital services 

• Specialized healthcare services 

• emergency medical services 

This reform aims to increase coordination among health services. 

 

Local Level 

In Finland, municipalities have played a significant role in organizing healthcare 

services for many years. They have been particularly responsible for the delivery of primary 

healthcare services. 

Although some responsibilities have been transferred to regional administrations with 

the new health reform, municipalities still play an important role in planning health services. 

 

5.3. Financing of the Health System 

The Finnish healthcare system has a mixed financing model. Healthcare services are 

largely funded by public resources. A significant portion of total healthcare expenditure is 

covered through taxes and social security contributions (OECD, 2023). 

The main sources of funding for the health system are: 
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• Taxes 

The most important source of funding for the Finnish healthcare system is general 

taxes. The central government and local authorities play significant roles in financing 

healthcare services. 

• Social Health Insurance 

In Finland, the social health insurance system plays a significant role in financing 

healthcare services. This system specifically covers the cost of medications and certain 

healthcare treatments. 

• Patient Co-payments 

In Finland, patient co-payments are applied for some healthcare services. However, 

these co-payments are limited and subject to a certain upper limit. 

• Private Health Insurance 

The role of private health insurance in the Finnish healthcare system is limited and it is 

generally used for supplementary services. 

 

5.4. Organization of Health Services 

The Finnish healthcare system consists of three main service levels: 

1. Primary healthcare services 

2. Secondary healthcare services 

3. Tertiary healthcare services 

 

Primary Healthcare Services 

Primary healthcare forms the backbone of the Finnish healthcare system. These 

services are provided through health centers. 

The basic functions of primary care services are as follows: 

• preventive health services 

• early diagnosis of diseases 

• management of chronic diseases 
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5.4. Organization of Health Services 

The Finnish healthcare system consists of three main service levels: 

1. Primary healthcare services 

2. Secondary healthcare services 
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Primary Healthcare Services 

Primary healthcare forms the backbone of the Finnish healthcare system. These 

services are provided through health centers. 

The basic functions of primary care services are as follows: 

• preventive health services 

• early diagnosis of diseases 

• management of chronic diseases 

• public health services 

 

Secondary Healthcare Services 

Secondary healthcare services encompass specialist services offered at regional 

hospitals. These hospitals provide diagnostic and treatment services, as well as emergency 

medical services. 

 

Tertiary Healthcare Services 

Tertiary healthcare services include advanced treatment and research services. 

University hospitals play a vital role in providing these services. 

 

5.5. Digital Health in the Finnish Healthcare System 

Finland is one of the leading countries in Europe in the development of digital health 

applications. Electronic health records and digital health platforms are increasing the 

effectiveness of healthcare services. 

Thanks to these systems: 

• Patient data can be managed more effectively. 

• Coordination is being ensured among health services. 

• healthcare services is becoming easier. 

 

5.6. Performance of the Finnish Health System 

Finland's healthcare system demonstrates successful results in terms of international 

health indicators. Life expectancy in the country is above the OECD average, and access to 

healthcare services is widespread. 

However, differences in access to healthcare services can be observed in some regions. 
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5.7. Problems Encountered in the Healthcare System 

The Finnish healthcare system faces various structural problems. 

• Aging Population 

Finland has one of the fastest aging populations in Europe, which leads to increased 

demand for healthcare services. 

• Healthcare Personnel Shortage 

The shortage of healthcare personnel is seen as a significant problem, especially in 

rural areas. 

• Regional Inequalities 

Access to healthcare services varies in different regions. 

 

5.8. Current Health Reforms 

The Finnish government is implementing various reforms to improve the sustainability 

of its healthcare system. 

The main objectives of these reforms are as follows: 

• increasing the integration of health services 

• strengthening primary healthcare services 

• Developing digital transformation in healthcare services 

• reducing regional inequalities in health services 

Conclusion 

literature due to their universal access to healthcare, strong public funding, and high 

health indicators . Although the health systems of Sweden, Norway, and Finland are based on 

common welfare state principles, they differ in terms of governance structure, financing 

model, and service organization. 

Sweden's healthcare system is notable for its strong regional governance structure, 

while Norway has adopted a more centralized healthcare management model. Finland, on the 

other hand, aims to strengthen regional integration in healthcare services through reforms 

implemented in recent years . 
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5.8. Current Health Reforms 

The Finnish government is implementing various reforms to improve the sustainability 

of its healthcare system. 

The main objectives of these reforms are as follows: 
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Conclusion 

literature due to their universal access to healthcare, strong public funding, and high 

health indicators . Although the health systems of Sweden, Norway, and Finland are based on 

common welfare state principles, they differ in terms of governance structure, financing 

model, and service organization. 

Sweden's healthcare system is notable for its strong regional governance structure, 

while Norway has adopted a more centralized healthcare management model. Finland, on the 

other hand, aims to strengthen regional integration in healthcare services through reforms 

implemented in recent years . 

Sweden, Norway, and Finland are successful healthcare system models built on the 

principles of strong public funding, universal coverage, and equitable access. 

In these countries, the predominantly public nature of healthcare services and strong 

primary care systems contribute to the efficient and equitable delivery of healthcare. 

Scandinavian healthcare systems serve as an important example for many countries, 

particularly in terms of the universal healthcare model. 

In the future, demographic changes, rising healthcare costs, and the need for 

healthcare personnel are among the most important factors that could affect the sustainability 

of Scandinavian healthcare systems. Therefore, digital transformation in healthcare systems, 

strengthening primary healthcare services, and increasing service integration stand out as 

important policy priorities. 
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Introduction 

Breast cancer in men is a rare malignancy, with an estimated incidence of 1 in 100,000 men per 

year, accounting for approximately 0.5%–1% of all breast cancers [1]. While the incidence in 

women has stabilized or slightly decreased in some regions, the incidence of MBC has shown 

a slow but steady rise over the past few decades [2]. 

Risk factors for MBC include older age (average age at diagnosis is 67), genetic mutations 

(especially BRCA2 and BRCA1), family history of breast cancer, radiation exposure, and 

conditions that alter the estrogen-to-androgen ratio, such as Klinefelter syndrome, liver 

cirrhosis, and obesity [3]. 

Pathologically, most cases of MBC are invasive ductal carcinoma (IDC), with increased 

expression of estrogen receptor (ER) and progesterone receptor (PR) compared to female breast 

cancer (FBC) [4]. Other subtypes, like invasive lobular carcinoma (ILC), are extremely rare in 

men, making up only about 1% of cases, mainly due to the absence of acini and lobules in the 

normal male breast. However, lobular development can occur in conditions of chronic estrogen 

exposure or Klinefelter syndrome. 

Because male breast tissue is located subareolarly and screening programs are lacking, MBC 

often presents with skin or nipple involvement at an earlier stage than in women [5]. The 

absence of a protective fatty envelope in male breasts allows tumors to invade the pectoral 

fascia and skin more quickly. Despite this, diagnosis is often delayed, with a median time from 

symptom onset to diagnosis of approximately 6 to 10 months. This paper aims to present three 

cases illustrating the clinical spectrum of MBC, highlighting the demographic diversity and the 

critical role of individualized multidisciplinary management. 

Case Presentations 

 Case 1: Typical Presentation in an Older Patient 

Demographics and History: 

A 72-year-old man presented with a 4-month history of a painless, firm mass in his left breast. 

He had no significant medical history, no history of radiation exposure, and no family history 

of breast or ovarian cancer. Physical examination revealed a 2.5 cm firm, non-tender, mobile 

mass in the subareolar region of the left breast. There was no nipple discharge or skin ulceration. 

No palpable axillary lymphadenopathy was noted. 
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symptom onset to diagnosis of approximately 6 to 10 months. This paper aims to present three 

cases illustrating the clinical spectrum of MBC, highlighting the demographic diversity and the 
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Case Presentations 

 Case 1: Typical Presentation in an Older Patient 

Demographics and History: 

A 72-year-old man presented with a 4-month history of a painless, firm mass in his left breast. 

He had no significant medical history, no history of radiation exposure, and no family history 

of breast or ovarian cancer. Physical examination revealed a 2.5 cm firm, non-tender, mobile 

mass in the subareolar region of the left breast. There was no nipple discharge or skin ulceration. 

No palpable axillary lymphadenopathy was noted. 

Diagnosis: 

Mammography and ultrasonography showed a highly suspicious, irregular, hypoechoic mass 

(BI-RADS 5). A core needle biopsy confirmed Grade 2 invasive ductal carcinoma (IDC). 

Immunohistochemistry (IHC) showed strong positivity for ER (90%) and PR (80%), while 

HER2 was negative (Score 1+). The Ki-67 index was 15%. 

Treatment: 

The patient underwent a left modified radical mastectomy (MRM). Histopathology confirmed 

a 2.2 cm IDC with negative surgical margins. Two of twelve axillary lymph nodes were positive 

for macrometastasis (pT2N1aM0, Stage IIB). Following surgery, he received adjuvant 

chemotherapy (4 cycles of Adriamycin and Cyclophosphamide followed by Paclitaxel) and 

adjuvant radiotherapy to the chest wall and regional nodes. He was started on Tamoxifen. (20 

mg daily) for a planned duration of five years. 

 Case 2: Genetic Predisposition in a Younger Patient 

Demographics and History: 

A 48-year-old male presented with a 2-month history of nipple retraction and occasional bloody 

discharge from the right breast. His family history was significant; his mother and sister had 

been diagnosed with breast cancer at ages 45 and 42, respectively. Physical examination 

revealed a 1.5 cm subareolar mass with associated nipple inversion. 

Diagnosis: 

Diagnostic mammography showed a spiculated mass with microcalcifications. Core needle 

biopsy confirmed Grade 3 IDC. IHC results indicated ER-positive (70%), PR-positive (60%), 

and HER2-negative status. Due to his young age and family history, the patient was referred for 

genetic counseling. Genetic testing detected a pathogenic germline mutation in the BRCA2 

gene. 

Treatment: 

The patient opted for a bilateral total mastectomy with sentinel lymph node biopsy (SLNB) on 

the right side to treat his current cancer and mitigate the risk of contralateral disease. The SLNB 

was negative for metastasis. The final staging was pT1cN0M0 (Stage IA). He was started on 

adjuvant Tamoxifen. Additionally, the patient was enrolled in a high-risk screening program for 

other BRCA2-associated cancers, including prostate and pancreatic cancer. 
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 Case 3: Advanced and Neglected Presentation 

Demographics and History: 

An 80-year-old man presented with a large, ulcerated mass in his right breast that had been 

present for over a year. He delayed seeking medical care due to embarrassment and the belief 

that "men don't get breast cancer." He also reported weight loss and persistent lower back bone 

pain. Examination revealed a 6 cm fixed, ulcerated mass involving the skin and nipple-areolar 

complex. Multiple enlarged, hard, fixed axillary lymph nodes were palpable. 

Diagnosis: 

Biopsy of the ulcerated mass confirmed Grade 3 IDC, ER/PR positive, and HER2-negative. A 

CT scan of the chest, abdomen, and pelvis, along with a bone scan, revealed multiple 

osteoblastic lesions in the lumbar spine and pelvis, as well as several small nodules in the lungs. 

The final diagnosis was Stage IV (metastatic) MBC. 

Treatment: 

Due to the metastatic nature of the disease, the primary goal was palliative. The patient was 

started on systemic therapy with an aromatase inhibitor (Letrozole) combined with a CDK4/6 

inhibitor (Palbociclib), alongside a GnRH agonist to suppress testicular androgen production (a 

necessary step when using aromatase inhibitors in men). He also received denosumab for bone 

protection and palliative radiotherapy to the painful spinal lesions. The local ulcerated mass 

was managed with wound care and eventually showed partial regression with systemic therapy. 

 Discussion 

 Demographic and Clinical Characteristics 

The cases presented here highlight the diverse demographic and clinical profiles of MBC. While 

Case 1 depicts the typical older patient with a hormone-sensitive tumor, Case 2 emphasizes the 

crucial role of genetic factors, especially in younger men. Case 3 illustrates a common and 

tragic theme in MBC: delayed diagnosis caused by lack of awareness and social stigma [6]. 

Studies indicate that men are much more likely to present with Stage III or IV disease than 

women, often due to misinterpreting breast masses as just a bump or muscle strain in the male 

psyche.  

The demographic characteristics of MBC are changing. Although the median age at diagnosis 

remains higher than in women, the rising rates of obesity and liver disease—both of which can 
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crucial role of genetic factors, especially in younger men. Case 3 illustrates a common and 

tragic theme in MBC: delayed diagnosis caused by lack of awareness and social stigma [6]. 

Studies indicate that men are much more likely to present with Stage III or IV disease than 

women, often due to misinterpreting breast masses as just a bump or muscle strain in the male 

psyche.  

The demographic characteristics of MBC are changing. Although the median age at diagnosis 

remains higher than in women, the rising rates of obesity and liver disease—both of which can 

elevate estrogen levels—may lead to a younger age of onset in some populations. Moreover, 

the psychological impact of MBC is significant. Men often feel isolated in female-dominated 

breast cancer support groups and may feel emasculated after a mastectomy, which highlights 

the need for support systems tailored specifically for men. 

Diagnostic Challenges 

In all three cases, the initial presentation was a subareolar mass, the most common site due to 

the concentration of ductal tissue in this area in men. Mammography continues to be the gold 

standard for imaging, with sensitivity exceeding 90% in men [8]. However, because the disease 

is rare, many men do not have regular screening, and symptoms like nipple retraction or skin 

changes may be dismissed as benign conditions such as gynecomastia. 

 Treatment Paradigms 

Treating MBC largely relies on guidelines derived from female breast cancer, though there are 

notable differences. 

• Surgery: Mastectomy (either simple or modified radical) is the standard treatment for most 

men, given the small size of the male breast and the central location of most tumors, which 

makes breast-conserving surgery (BCS) difficult to achieve with good cosmetic results [9]. 

However, recent studies suggest BCS may be suitable for a select group of men with smaller, 

peripheral tumors if followed by radiation therapy. Sentinel lymph node biopsy (SLNB) has 

become the standard for axillary staging in clinically node-negative men, replacing the more 

invasive axillary lymph node dissection (ALND) in many cases. 

• Endocrine Therapy: Since over 90% of MBC cases are ER-positive, endocrine therapy is a 

key part of adjuvant treatment. Tamoxifen remains the preferred agent. Aromatase inhibitors 

(AIs) are less effective as sole therapy in men because they do not block testicular estrogen 

production, so GnRH analogs are often added when AIs are used [10]. 

• Genetic Testing: As seen in Case 2, all men diagnosed with breast cancer should undergo 

genetic testing for BRCA1/2 mutations, regardless of family history, because mutation 

prevalence is much higher in men—up to 10%—compared to 2-3% in women [11]. 
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 Conclusion 

Male breast cancer, although rare, presents significant clinical challenges. The three cases 

discussed emphasize the need for greater awareness among men and healthcare providers to 

ensure early diagnosis. While treatment methods are currently based on female-focused 

protocols, the high rate of hormone receptor positivity and the important role of genetic 

mutations, especially BRCA2, highlight the necessity for male-specific clinical trials and 

personalized treatment strategies. Early intervention, especially for those with a genetic 

predisposition, remains the most effective way to improve survival outcomes in this patient 

group. [12-18] 
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1. INTRODUCTION 

Each individual harbors distinct microbial communities across different anatomical sites, 
varying in composition and function. The human microbiota is a complex ecosystem of 
bacteria, viruses, protozoa, and fungi that colonize the body and exhibits a dynamic, 
individualized structure. Its development is influenced by prenatal and early-life factors, 
including mode of delivery, breastfeeding, and maternal nutrition [1]. Although relatively stable 
over time, the gut microbiota varies among individuals depending on host genetics, diet, and 
lifestyle. The term gut microbiota refers to the community of bacteria, archaea, viruses, and 
eukaryotic microorganisms residing in the gastrointestinal tract [2]. Beyond its metabolic and 
immunological roles, increasing evidence indicates that the gut microbiota contributes to brain 
development and neurogenesis. Communication between the gut and the brain occurs through 
a bidirectional network involving the central and enteric nervous systems, the autonomic 
nervous system, the hypothalamic-pituitary-adrenal axis (HPA axis), and immune and 
endocrine pathways, collectively termed the gut-brain axis. The more specific interaction 
between microbiota and brain is defined as the microbiota-gut-brain axis. Although its 
mechanisms are not fully elucidated, animal and human studies suggest that the gut microbiota 
influences behavior and cognitive function [3]. 

 

1.1. BEHAVIOR AND THE MICROBIOTA-GUT-BRAIN AXIS 

1.1.1. Social Behavior 

Sociability refers to interactions among individuals and represents a fundamental 
behavior that supports learning, cooperation, protection, and reproduction. Emerging evidence 
suggests that social behavior is strongly influenced by the gut microbiota. Germ-free (GF) mice 
exhibit reduced social interaction compared with conventionally colonized controls and fail to 
distinguish between familiar and unfamiliar conspecifics, indicating cognitive deficits in social 
recognition [4]. Similar impairments have been observed following antibiotic-induced 
depletion of gut microbial diversity in rodents, further supporting the role of microbiota in 
regulating social behavior [5]. 

Although the precise mechanisms remain unclear, multiple biological pathways are 
likely involved. The amygdala has been identified as a key brain region mediating microbiota-
related effects on sociability. GF mice show altered neuronal activation patterns in the amygdala 
compared with conventional controls, suggesting that this region represents a critical interface 
between the microbiota and neural circuits underlying social behavior. Moreover, modulation 
of microbiota through diet or probiotic supplementation may influence sociability. For instance, 
administration of Lactobacillus reuteri has been shown to increase oxytocin levels and enhance 
social behavior in mice [4].  

Diet-induced alterations in the microbiome may also affect social neurodevelopment. 
Experimental omega-3 polyunsaturated fatty acid (PUFA) deficiency has been associated with 
social behavior deficits in adult rats, whereas omega-3 supplementation prevented allergy-
induced social impairments in mice. In addition to direct effects on brain membrane 
composition, PUFA-rich diets may exert pro-social effects by modulating gut microbiota 
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related effects on sociability. GF mice show altered neuronal activation patterns in the amygdala 
compared with conventional controls, suggesting that this region represents a critical interface 
between the microbiota and neural circuits underlying social behavior. Moreover, modulation 
of microbiota through diet or probiotic supplementation may influence sociability. For instance, 
administration of Lactobacillus reuteri has been shown to increase oxytocin levels and enhance 
social behavior in mice [4].  

Diet-induced alterations in the microbiome may also affect social neurodevelopment. 
Experimental omega-3 polyunsaturated fatty acid (PUFA) deficiency has been associated with 
social behavior deficits in adult rats, whereas omega-3 supplementation prevented allergy-
induced social impairments in mice. In addition to direct effects on brain membrane 
composition, PUFA-rich diets may exert pro-social effects by modulating gut microbiota 

composition [6]. Future research should aim to translate these findings into clinical contexts, 
particularly in neuropsychiatric conditions characterized by social dysfunction, such as autism 
spectrum disorder, schizophrenia, and social anxiety disorder. 

 

1.1.2. Cognition 

There is increasing evidence to support the idea that changes in the composition of the 
gut microbiota can affect cognitive function at multiple levels. 

 

1.1.2.1. Rodent studies 

The absence of gut microbiota is associated with significant cognitive impairments. GF 
mice exhibit deficits in object recognition and working memory, including impaired 
performance in spontaneous alternation tasks. These alterations are accompanied by changes in 
hippocampal BDNF expression, a key regulator of synaptic plasticity and cognition, suggesting 
a critical role for microbiota in hippocampus-dependent memory function [7]. 

Antibiotic-induced disruption of gut microbiota similarly affects cognitive performance. 
Early-life antibiotic exposure leads to persistent microbiota alterations, object recognition 
deficits, and long-term changes in hippocampal BDNF expression detectable in adulthood. 
Comparable impairments have also been reported following antibiotic administration in adult 
rodents, including altered expression of cognition-related signaling molecules such as BDNF 
and 5-HTT in memory-associated brain regions [8]. Chronic antibiotic treatment has further 
been linked to reduced hippocampal neurogenesis and memory deficits, although findings in 
other hippocampus-dependent tasks remain inconsistent, likely due to variations in 
experimental design, behavioral paradigms, and treatment duration. These discrepancies 
indicate that additional research is needed to clarify the impact of microbiota depletion on 
spatial memory. 

Conversely, probiotic and prebiotic interventions have demonstrated beneficial 
cognitive effects. Various Lactobacillus strains prevent or reverse object recognition and spatial 
memory deficits in GF, colitis, stress, immunocompromised, and antibiotic-treated models, and 
also ameliorate deficits induced by dietary imbalance, aging, and hyperammonemia [9]. Select 
Bifidobacterium strains improve object recognition, reduce spatial memory errors, and enhance 
long-term learning in fear conditioning paradigms. The prebiotic B-GOS enhances cognitive 
flexibility and increases cortical NMDAR function [10]. Multi-strain formulations, including 
VSL#3, also reverse memory impairments associated with antibiotics, metabolic disturbances, 
and dietary interventions [11]. 

Overall, these findings underscore the pivotal role of gut microbiota in cognitive 
regulation and highlight the therapeutic potential of microbiota-targeted strategies in mitigating 
memory deficits. 
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1.1.2.2. Human studies 

Although substantial animal evidence supports the role of gut microbiota in cognitive 
regulation, human studies remain limited. Nevertheless, emerging findings are promising. One 
study reported that differences in gut microbiota composition between obese and non-obese 
individuals were associated with performance in attention, processing speed, and cognitive 
flexibility, as measured by the Trail Making Test, as well as altered neural activity in the 
thalamus, hypothalamus, and amygdala. These findings suggest that obesity-related microbial 
alterations may influence cognitive function [12]. 

In infants, microbiota composition at one year of age has been linked to cognitive 
development assessed by the Mullen Scales of Early Learning and to differences in brain 
volume. Infants were categorized into three microbial profiles characterized by higher levels of 
Faecalibacterium, Bacteroides, or Ruminococcaceae, with superior cognitive performance 
observed in those with higher Bacteroides abundance. Notably, this group was less frequently 
delivered by cesarean section, underscoring the importance of early microbial colonization in 
neurodevelopment and supporting previous evidence linking delivery mode to cognitive 
outcomes [13]. 

Probiotic and prebiotic interventions have also shown cognitive benefits in humans. In 
healthy elderly individuals, Lactobacillus supplementation improved cognitive test 
performance compared with placebo [14]. In healthy women, probiotic-enriched fermented 
dairy products modulated brain activity in regions associated with cognitive processing during 
emotional attention tasks [15]. Prebiotic supplementation with inulin-type fructans improved 
memory performance and mood in healthy adults [16]. Moreover, a probiotic mixture 
containing Bifidobacterium longum and Lactobacillus strains enhanced cognitive and metabolic 
parameters in patients with Alzheimer’s disease [17]. Cognitive improvements have also been 
reported in individuals with microbiota alterations and in patients with fibromyalgia following 
probiotic intervention. 

Collectively, these findings suggest that microbiota-targeted interventions may enhance 
cognitive function in both healthy individuals and clinical populations. However, further well-
designed studies are required to clarify the mechanisms underlying these effects and to 
determine which specific strains or interventions are most effective. Integrating neuroimaging 
approaches with neuropsychological assessments will be essential to advance understanding of 
the microbiota-gut-brain axis in cognitive regulation across diverse populations. 

 

1.1.3. Fear 

 Fear regulation represents an important yet understudied aspect of cognition. 
Exaggerated fear is a core feature of clinical anxiety and is closely linked to stress, a key 
component of gut-brain axis function. The expression and extinction of learned fear are 
primarily mediated by the amygdala, hippocampus, and PFC in both rodents and humans-
regions known to be sensitive to microbiota-related changes.  

Human fMRI studies provide emerging evidence linking gut microbiota to neural 
responses during threat processing. In healthy women, consumption of multi-strain probiotic 
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 Fear regulation represents an important yet understudied aspect of cognition. 
Exaggerated fear is a core feature of clinical anxiety and is closely linked to stress, a key 
component of gut-brain axis function. The expression and extinction of learned fear are 
primarily mediated by the amygdala, hippocampus, and PFC in both rodents and humans-
regions known to be sensitive to microbiota-related changes.  

Human fMRI studies provide emerging evidence linking gut microbiota to neural 
responses during threat processing. In healthy women, consumption of multi-strain probiotic 

fermented dairy products reduced neural reactivity to negative emotional faces (fear and anger), 
particularly within the PFC and parahippocampal gyrus [18]. Subsequent findings from the 
same group demonstrated that interindividual differences in microbiota composition were 
associated with altered right hippocampal responses to negative stimuli [19]. In children, 
variations in Bacteroides and Lachnospiraceae abundance were linked to differential brain 
reactivity to fearful faces, especially in the PFC [20]. 

Preclinical studies further support microbial modulation of learned fear, although effects 
appear strain-specific. For example, B. longum 1714 enhanced fear learning and short-term 
memory without affecting extinction, whereas B. breve 1205 showed no significant effects [20]. 
L. rhamnosus (JB-1) delayed extinction in mice, while heat-killed Mycobacterium vaccae 
accelerated extinction learning in rats. Additionally, a probiotic combination of L. rhamnosus 
R0011 and L. helveticus R0052 prevented the long-term effects of early-life stress on fear 
behavior and its supporting neural circuitry [21]. 

Early-life stress in rodents is associated with persistent fear memory and elevated 
relapse following extinction, with transgenerational transmission observed in male offspring. 
Probiotic treatment restored normal developmental trajectories of fear memory, promoting age-
appropriate rapid forgetting and reducing relapse rates in both treated animals and their progeny 
[22]. 

 

1.1.4. Stress-Related Behaviors 

Preclinical studies using various animal models have demonstrated that stress can alter 
gut microbiota composition. This interaction is bidirectional: just as stress reshapes microbial 
communities, microbiota can modulate stress-induced changes in anxiety, memory, cognition, 
and neuroinflammation. Research in GF mice has been particularly instrumental in establishing 
this link and has prompted investigations into the therapeutic potential of microbiota 
manipulation under stress conditions. 

Growing evidence indicates that targeted modulation of microbiota can attenuate stress-
related behavioral alterations and HPA axis activation. Most studies have focused on probiotic 
interventions, particularly Bifidobacterium and Lactobacillus strains, which show beneficial 
effects on stress, anxiety, and depression in both preclinical and human research. For example, 
L. rhamnosus (JB-1) reduced corticosterone responses and anxiety- and depression-like 
behaviors in stressed mice [23], while C. butyricum prevented depressive-like behaviors 
induced by chronic unpredictable stress [24]. Importantly, probiotic treatments have also 
demonstrated efficacy during vulnerable developmental periods, including early-life stress. 

In maternal separation models, several strains have shown protective effects. Combined 
L. rhamnosus and L. helveticus normalized fear behavior in stressed offspring and even in 
subsequent generations [21]. B. infantis reversed behavioral deficits in separated rats but had 
no effect in non-stressed animals [25,26]. Other strains, including B. animalis, 
Propionibacterium jensenii, and B. bifidum G9-1, mitigated stress-induced behavioral and 
microbial alterations in similar paradigms [27,28]. Human studies further support these 
findings: L. plantarum 299v reduced cortisol levels during exam stress [29], and L. plantarum 
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DR7 alleviated stress and anxiety in adults [30]. Although translation from animal models to 
humans remains challenging, current evidence supports continued investigation of probiotics 
as stress-modulating interventions. 

In contrast, the effects of prebiotics on stress are less clearly defined, despite their 
capacity to modify microbiota composition. Preliminary findings suggest potential modulation 
of HPA axis activity, warranting further study. 

Beyond probiotic and prebiotic approaches, other microbiota-modifying strategies also 
influence stress responses. Antibiotic-induced microbiota depletion has produced complex and 
sometimes conflicting outcomes. Prenatal exposure to non-absorbable antibiotics alters 
maternal microbiota and may increase anxiety-like behavior in offspring. Conversely, perinatal 
penicillin exposure has been reported to reduce anxiety-like behavior in a sex-specific manner, 
whereas later-life antibiotic exposure can reduce anxiety but impair cognition [31]. These 
findings highlight the timing-dependent effects of microbiota disruption on stress-related 
outcomes. 

 

1.2. PSYCHOLOGICAL - NEUROLOGICAL DISEASES AND PROCESSES 

As research on the microbiota-gut-brain axis advances, gut microbiota alterations have 
been implicated in an expanding range of neuropsychiatric and neurological disorders. 
Dysbiosis has been associated with conditions such as autism spectrum disorder, Parkinson’s 
disease, Alzheimer’s disease, multiple sclerosis, ischemic stroke, anxiety, depression, and 
amyotrophic lateral sclerosis. Although these associations are compelling, the underlying 
mechanisms remain insufficiently understood. 

 

1.2.1. Autism Spectrum Disorder (ASD) 

Autism spectrum disorder (ASD) is a heterogeneous neurodevelopmental condition 
characterized by deficits in social interaction and communication, repetitive behaviors, anxiety, 
and cognitive impairments [32]. Both genetic and environmental factors contribute to its 
pathogenesis. Among environmental factors, gut microbiota alterations have gained attention, 
as gastrointestinal symptoms are common in individuals with ASD and correlate with symptom 
severity. 

Individuals with ASD frequently report constipation, diarrhea, bloating, and indigestion, 
and these symptoms have been associated with greater social impairment, stereotypic 
behaviors, hyperactivity, and aggression [33]. Several studies indicate differences in gut 
microbiota composition between ASD and healthy controls [34]. 

At the phylum level, alterations in Bacteroidetes and Firmicutes have been reported, 
including changes in the Bacteroidetes/Firmicutes ratio [35]. At the genus level, increased 
Lactobacillus spp. and Clostridium spp. have been observed in some studies [36,37]. 
Differences in Actinobacteria and Proteobacteria have also been noted, along with reduced 
Bifidobacterium spp. and elevated Desulfovibrio spp. in certain cohorts [38]. Increased 
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Individuals with ASD frequently report constipation, diarrhea, bloating, and indigestion, 
and these symptoms have been associated with greater social impairment, stereotypic 
behaviors, hyperactivity, and aggression [33]. Several studies indicate differences in gut 
microbiota composition between ASD and healthy controls [34]. 
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Lactobacillus spp. and Clostridium spp. have been observed in some studies [36,37]. 
Differences in Actinobacteria and Proteobacteria have also been noted, along with reduced 
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abundance of Sutterella spp., including Parasutterella excrementihominis, has been reported in 
children with ASD and GI symptoms [40]. 

Probiotic interventions containing Lactobacillus, Bifidobacterium, and Streptococcus 
strains have shown partial normalization of microbial composition, including restoration of the 
Bacteroidetes/Firmicutes ratio in some studies [39]. However, findings remain inconsistent, 
and some studies reported no significant microbiota differences in siblings of individuals with 
ASD [41]. 

Overall, although evidence suggests an association between gut dysbiosis and ASD, 
most studies are limited by small sample sizes and insufficiently controlled designs. Therefore, 
current data cannot yet be generalized, and larger, well-controlled studies are required to clarify 
the role of microbiota in ASD pathophysiology. 

 

1.2.2. Major Depressive Disorder (MDD) 

Major depressive disorder (MDD) is characterized by depressed mood and/or loss of 
interest, accompanied by at least five symptoms - including recurrent thoughts of death or 
suicide, sleep or appetite disturbances, psychomotor changes, low energy, feelings of 
worthlessness or guilt, and impaired concentration - persisting for a minimum of two weeks. It 
affects approximately 4.4% of the global population and represents a significant public health 
burden due to its detrimental effects on quality of life and functional capacity [42]. 

Although its precise etiology remains unclear, several neurobiological mechanisms have 
been implicated, including reduced levels of monoamine neurotransmitters (serotonin, 
noradrenaline, dopamine), dysregulation of neuroendocrine pathways, and increased pro-
inflammatory cytokines such as IL-6 [43]. Recent human studies have reported alterations in 
stool microbiota composition in patients with MDD compared to healthy controls; however, 
findings remain inconsistent. 

Given the limited treatment response and adherence challenges observed in depressive 
and anxiety disorders, microbiota-targeted interventions have gained attention as potential 
adjunctive therapies. Alterations in gut microbiota may influence depressive symptoms through 
neuroendocrine, autonomic, and immune pathways. Animal studies indicate that probiotic and 
prebiotic interventions can reduce depressive-like behaviors and modulate inflammatory 
responses. 

In maternal separation models, increased HPA axis activity, altered immune responses, 
and changes in gut microbiota composition have been demonstrated [44]. Desbonnet et al. 
reported that maternally separated rats exhibited increased immobility in the forced swim test, 
decreased brain noradrenaline levels, and elevated peripheral IL-6 levels. Administration of 
Bifidobacterium infantis improved behavioral outcomes, reduced immune activation, and 
normalized basal noradrenaline levels [45]. Similar behavioral improvements were observed 
following long-term administration of Lactobacillus plantarum in mice exposed to early-life 
stress [46]. In maternally separated infant monkeys, reduced Lactobacillus abundance was 
associated with stress-related behaviors, impaired immune function, and increased 
susceptibility to infections [47]. 
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In human studies, multi-strain probiotics containing Lactobacillus and Bifidobacterium 
species have been associated with reductions in negative cognitive patterns in patients with 
depression. In animal models, Bifidobacterium longum 1714 and Bifidobacterium breve 1205 
reduced anxiety-like behaviors, and Bifidobacterium longum 1714 also demonstrated 
antidepressant-like effects [48]. 

Overall, systematic reviews suggest that probiotics may represent a promising 
adjunctive therapy in MDD; however, current evidence remains limited. Diet quality is 
increasingly recognized as both a risk factor and a therapeutic target in depression, potentially 
through increased intake of prebiotic-rich foods. Further well-designed studies are required to 
clarify how probiotic and prebiotic interventions modify gut microbiota composition and the 
mechanisms underlying their role in MDD pathophysiology. 

 

1.2.3. Anxiety  

Anxiety is both a physiological response to perceived threat and a symptom of various 
psychiatric disorders. It frequently co-occurs with depression, and most studies investigating 
the microbiota-gut-brain axis in anxiety also assess depressive symptoms, and vice versa. 

Current evidence linking anxiety to the microbiota-gut-brain axis is largely derived from 
preclinical studies. In animal models, anxiety-like phenotypes are commonly evaluated through 
behavioral paradigms such as the open field test. 

Recent research has identified Lactobacillus plantarum DR7 as a potential psychobiotic. 
In a randomized, double-blind, placebo-controlled trial, this strain was shown to alleviate 
anxiety and stress-related symptoms [49]. Nevertheless, further well-designed studies are 
required to clarify the specific effects of psychobiotics on anxiety. 

 

1.2.4. Schizophrenia 

Schizophrenia is a complex and heterogeneous neuropsychiatric disorder characterized 
by psychosis, cognitive impairment, delusions, apathy, and social withdrawal [50]. Although 
its etiology remains unclear, it is considered multifactorial, involving genetic susceptibility, 
stress, childhood trauma, prenatal and perinatal factors, environmental influences, 
inflammation, and immune dysregulation [51]. 

Given the role of immune dysfunction in schizophrenia and the central role of 
microbiota in immune regulation, recent studies have explored potential microbiota-related 
mechanisms. In patients experiencing a first psychotic episode, symptom severity was 
associated with the abundance of Lactobacillus in the gut microbiota. Moreover, an inverse 
relationship was reported between the extent of microbiota alterations and treatment response 
rates [52]. Castro-Nallar et al. investigated the oropharyngeal microbiota in patients with 
schizophrenia and reported increased Candida and Eubacterium species, as well as lactic acid 
bacteria such as Lactobacillus and Bifidobacterium, compared with controls [53]. Alterations 
in bacteriophage composition, including Lactobacillus phage phiadh, were also observed [54]. 
In a randomized controlled trial evaluating probiotic supplementation in schizophrenia, 
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In human studies, multi-strain probiotics containing Lactobacillus and Bifidobacterium 
species have been associated with reductions in negative cognitive patterns in patients with 
depression. In animal models, Bifidobacterium longum 1714 and Bifidobacterium breve 1205 
reduced anxiety-like behaviors, and Bifidobacterium longum 1714 also demonstrated 
antidepressant-like effects [48]. 

Overall, systematic reviews suggest that probiotics may represent a promising 
adjunctive therapy in MDD; however, current evidence remains limited. Diet quality is 
increasingly recognized as both a risk factor and a therapeutic target in depression, potentially 
through increased intake of prebiotic-rich foods. Further well-designed studies are required to 
clarify how probiotic and prebiotic interventions modify gut microbiota composition and the 
mechanisms underlying their role in MDD pathophysiology. 

 

1.2.3. Anxiety  

Anxiety is both a physiological response to perceived threat and a symptom of various 
psychiatric disorders. It frequently co-occurs with depression, and most studies investigating 
the microbiota-gut-brain axis in anxiety also assess depressive symptoms, and vice versa. 

Current evidence linking anxiety to the microbiota-gut-brain axis is largely derived from 
preclinical studies. In animal models, anxiety-like phenotypes are commonly evaluated through 
behavioral paradigms such as the open field test. 

Recent research has identified Lactobacillus plantarum DR7 as a potential psychobiotic. 
In a randomized, double-blind, placebo-controlled trial, this strain was shown to alleviate 
anxiety and stress-related symptoms [49]. Nevertheless, further well-designed studies are 
required to clarify the specific effects of psychobiotics on anxiety. 

 

1.2.4. Schizophrenia 

Schizophrenia is a complex and heterogeneous neuropsychiatric disorder characterized 
by psychosis, cognitive impairment, delusions, apathy, and social withdrawal [50]. Although 
its etiology remains unclear, it is considered multifactorial, involving genetic susceptibility, 
stress, childhood trauma, prenatal and perinatal factors, environmental influences, 
inflammation, and immune dysregulation [51]. 

Given the role of immune dysfunction in schizophrenia and the central role of 
microbiota in immune regulation, recent studies have explored potential microbiota-related 
mechanisms. In patients experiencing a first psychotic episode, symptom severity was 
associated with the abundance of Lactobacillus in the gut microbiota. Moreover, an inverse 
relationship was reported between the extent of microbiota alterations and treatment response 
rates [52]. Castro-Nallar et al. investigated the oropharyngeal microbiota in patients with 
schizophrenia and reported increased Candida and Eubacterium species, as well as lactic acid 
bacteria such as Lactobacillus and Bifidobacterium, compared with controls [53]. Alterations 
in bacteriophage composition, including Lactobacillus phage phiadh, were also observed [54]. 
In a randomized controlled trial evaluating probiotic supplementation in schizophrenia, 

gastrointestinal symptoms improved; however, no significant changes were observed in 
positive or negative psychotic symptoms [55]. Overall, further large-scale and longitudinal 
studies are required to better elucidate the contribution of the microbiota-gut-brain axis to 
schizophrenia pathophysiology. 

 

1.2.5. Bipolar Disorder  

Bipolar disorder affects approximately 1-2% of the population and typically manifests 
between the ages of 15 and 35, with similar prevalence in men and women. It is characterized 
by recurrent and unpredictable mood episodes alternating between mania and depression. 
During manic episodes, individuals may exhibit hyperactivity, elevated mood, and increased 
energy, whereas depressive episodes are marked by social withdrawal, low mood, and, in severe 
cases, suicidal ideation [56]. Emerging evidence suggests a potential association between 
bipolar disorder and gut microbiota alterations. Stool microbiome analyses have demonstrated 
a reduced abundance of Firmicutes, particularly Faecalibacterium, in patients with bipolar 
disorder, and this reduction has been correlated with symptom severity. These findings indicate 
a possible therapeutic target. Notably, a recent study reported that adjunctive probiotic therapy 
reduced rehospitalization rates in patients recently discharged following hospitalization for 
mania [57]. Given the growing prevalence and clinical burden of bipolar disorder, further well-
designed studies are required to clarify the role of the microbiota in its pathophysiology and 
treatment. 

1.2.6. Addiction 

Addiction is a chronic, relapsing disorder characterized by persistent engagement in 
maladaptive behaviors despite adverse consequences [58]. Recent research has increasingly 
focused on the microbiota-gut-brain axis in the context of addiction, particularly the impact of 
substance use on gut microbiota composition. In addition to the direct effects of addictive 
substances on the microbiota, addiction is frequently accompanied by stress, anxiety, 
depression, and chronic inflammation - conditions previously associated with microbiota-gut-
brain interactions. 

Alcohol use has been the most extensively studied substance in this context. Alterations 
in gut microbiota during chronic alcohol consumption have been associated with increased 
intestinal permeability and hepatic inflammation. However, some evidence suggests that 
reduced microbial diversity may also modulate alcohol-induced neuroinflammation and gut-
brain inflammatory signaling [59]. Preclinical studies indicate that supplementation with 
Lactobacillus rhamnosus GG can attenuate the severity of alcoholic hepatitis [60]. Notably, 
alcohol-induced microbiota alterations have been observed not only with oral intake but also 
following vapor exposure, suggesting that non-oral substances may likewise influence gut 
microbial composition. In animal models, compulsive alcohol-seeking behavior has been 
associated with specific gut bacteria and altered striatal dopamine expression [61]. 

Clinical studies have linked alcohol-related adverse outcomes with increased intestinal 
permeability, systemic inflammation, and microbiota alterations. Emerging evidence suggests 
that other substances exert similar effects. In smokers, both active smoking and cessation have 
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been associated with shifts in gut microbiota composition and inflammatory markers, while 
chronic tobacco exposure in mice alters microbial composition and mucin gene expression [62]. 
Murine models of opioid exposure indicate a role for gut microbiota in morphine dependence, 
gastrointestinal dysfunction, increased intestinal permeability, inflammation, and metabolic 
disturbances [63]. Additionally, chronic administration of Δ9-tetrahydrocannabinol (THC), the 
primary psychoactive component of cannabis, has been shown to modify gut microbiota 
composition in mice [64]. Collectively, these findings highlight a growing body of evidence 
supporting a bidirectional relationship between gut microbiota alterations and addictive 
behaviors. 

 

1.2.7. Attention Deficit Hyperactivity Disorder (ADHD) 

ADHD is a neurodevelopmental condition characterized by inattention (e.g., difficulties 
with organization and sustained focus), hyperactivity, impulsivity, or a combination of these 
features [65]. Although research on the role of the gut microbiome in ADHD remains limited, 
dietary influences on ADHD symptoms have long been investigated. A Western-style diet has 
been suggested as a potential risk factor, whereas elimination diets may alleviate symptoms in 
some individuals. Given the substantial impact of diet on gut microbiota composition, these 
findings indirectly support a possible role of the microbiota in ADHD pathophysiology. 

A small clinical study involving adolescents and adults with ADHD reported an 
increased abundance of Bifidobacterium compared with healthy controls [66]. Additionally, 
perinatal probiotic interventions have been associated with a reduced risk of later ADHD 
diagnosis, highlighting the potential of early microbiota-targeted strategies [67]. Overall, 
current evidence is preliminary, and further large-scale, longitudinal studies are needed to 
clarify the contribution of the microbiota-gut-brain axis to ADHD. 

1.2.8. Parkinson’s Disease (PD) 

Parkinson’s disease (PD) is a slowly progressive neurodegenerative disorder primarily 
characterized by motor dysfunction. Clinical features include hypomimia, monotonous and 
dysarthric speech, a stooped posture, bradykinesia, tremor, rigidity, pain, and reduced mobility. 
These symptoms result from the degeneration and loss of dopaminergic neurons in the 
substantia nigra, a key structure involved in motor control [68]. 

Recent studies suggest an association between gut microbiota composition and PD. The 
first investigations comparing PD patients with healthy controls reported significant alterations 
in microbial diversity and composition, prompting further research in this field. In a 
longitudinal study following patients for five years from the onset of motor symptoms, 
Prevotellaceae abundance was significantly reduced in PD patients, whereas 
Enterobacteriaceae levels were increased and positively correlated with postural instability and 
gait disturbance [69]. 

Other studies have similarly demonstrated differences in gut microbiota composition in 
untreated PD patients. At the phylum level, Bacteroidetes, Proteobacteria, and 
Verrucomicrobia were found to be increased in PD stool samples. At the genus level, a higher 
abundance of putative pro-inflammatory bacteria was observed [70]. Additionally, increased 
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been associated with shifts in gut microbiota composition and inflammatory markers, while 
chronic tobacco exposure in mice alters microbial composition and mucin gene expression [62]. 
Murine models of opioid exposure indicate a role for gut microbiota in morphine dependence, 
gastrointestinal dysfunction, increased intestinal permeability, inflammation, and metabolic 
disturbances [63]. Additionally, chronic administration of Δ9-tetrahydrocannabinol (THC), the 
primary psychoactive component of cannabis, has been shown to modify gut microbiota 
composition in mice [64]. Collectively, these findings highlight a growing body of evidence 
supporting a bidirectional relationship between gut microbiota alterations and addictive 
behaviors. 

 

1.2.7. Attention Deficit Hyperactivity Disorder (ADHD) 

ADHD is a neurodevelopmental condition characterized by inattention (e.g., difficulties 
with organization and sustained focus), hyperactivity, impulsivity, or a combination of these 
features [65]. Although research on the role of the gut microbiome in ADHD remains limited, 
dietary influences on ADHD symptoms have long been investigated. A Western-style diet has 
been suggested as a potential risk factor, whereas elimination diets may alleviate symptoms in 
some individuals. Given the substantial impact of diet on gut microbiota composition, these 
findings indirectly support a possible role of the microbiota in ADHD pathophysiology. 

A small clinical study involving adolescents and adults with ADHD reported an 
increased abundance of Bifidobacterium compared with healthy controls [66]. Additionally, 
perinatal probiotic interventions have been associated with a reduced risk of later ADHD 
diagnosis, highlighting the potential of early microbiota-targeted strategies [67]. Overall, 
current evidence is preliminary, and further large-scale, longitudinal studies are needed to 
clarify the contribution of the microbiota-gut-brain axis to ADHD. 

1.2.8. Parkinson’s Disease (PD) 

Parkinson’s disease (PD) is a slowly progressive neurodegenerative disorder primarily 
characterized by motor dysfunction. Clinical features include hypomimia, monotonous and 
dysarthric speech, a stooped posture, bradykinesia, tremor, rigidity, pain, and reduced mobility. 
These symptoms result from the degeneration and loss of dopaminergic neurons in the 
substantia nigra, a key structure involved in motor control [68]. 

Recent studies suggest an association between gut microbiota composition and PD. The 
first investigations comparing PD patients with healthy controls reported significant alterations 
in microbial diversity and composition, prompting further research in this field. In a 
longitudinal study following patients for five years from the onset of motor symptoms, 
Prevotellaceae abundance was significantly reduced in PD patients, whereas 
Enterobacteriaceae levels were increased and positively correlated with postural instability and 
gait disturbance [69]. 

Other studies have similarly demonstrated differences in gut microbiota composition in 
untreated PD patients. At the phylum level, Bacteroidetes, Proteobacteria, and 
Verrucomicrobia were found to be increased in PD stool samples. At the genus level, a higher 
abundance of putative pro-inflammatory bacteria was observed [70]. Additionally, increased 

Lactobacillus and reduced Clostridium coccoides and Bacteroides fragilis groups have been 
reported in PD patients compared with controls. These alterations were further validated using 
PCR-based quantification methods [71]. 

It should be noted that many studies involved small sample sizes, underscoring the need 
for larger, prospective investigations to determine whether microbiota alterations persist or 
evolve during disease progression. Preclinical studies have also suggested therapeutic potential: 
supplementation with prebiotic fibers such as fructooligosaccharides (FOS) and 
galactooligosaccharides (GOS) improved motor, cognitive, and gastrointestinal symptoms in a 
mouse model of PD [72]. 

Overall, further research is required to clarify whether modulation of the gut microbiota 
can ameliorate both motor and non-motor symptoms of PD and influence disease progression. 

 

1.2.9. Alzheimer’s Disease and Dementia 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder and the 
leading cause of dementia. A potential microbial contribution to AD pathogenesis has long been 
debated, and accumulating evidence suggests an association between gut microbiota alterations 
and the disease. 

Studies comparing patients with AD to age-matched controls have reported reduced 
richness and diversity of gut microbiota in individuals with AD. In one study involving 25 
patients with very mild to mild dementia and 25 matched controls, significant reductions in 
microbial diversity were observed in the AD group [73]. A subsequent study similarly identified 
compositional alterations at multiple taxonomic levels, although specific findings varied 
between studies [74]. 

Preclinical evidence further supports a possible microbiota-related mechanism. In the 
triple-transgenic (3xTg) mouse model of AD, administration of the probiotic mixture SLAB51 
(containing lactic acid bacteria and bifidobacteria) reduced oxidative stress [75]. Another 
probiotic formulation including Lactobacillus acidophilus, Lactobacillus fermentum, 
Bifidobacterium lactis, and Bifidobacterium longum improved memory and learning 
performance in a hippocampal amyloid-β (Aβ) model of AD [76]. Additionally, Lactobacillus 
plantarum has been reported to attenuate cognitive decline in experimental models [77]. 

Although current findings provide preliminary support for psychobiotic interventions as 
potential adjunctive strategies in AD, evidence remains limited. Altered gut microbiota profiles 
may serve as early biomarkers of disease; however, larger longitudinal studies are necessary to 
clarify the role of microbiota-gut-brain axis signaling in AD pathophysiology and progression. 

 

1.2.10. Multiple Sclerosis 

Multiple sclerosis (MS) is a chronic autoimmune disorder of the central nervous system 
characterized by motor impairment, visual disturbances, and sensory deficits that often occur 
unpredictably [78]. 
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Given its immune-mediated pathogenesis, recent research has investigated the potential 
role of the gut microbiota in MS and its therapeutic modulation. Experimental studies have 
demonstrated that transplantation of fecal microbiota from patients with MS into mice can 
induce autoimmune encephalomyelitis, a key pathological feature of MS. In contrast, germ-free 
(GF) mice exhibit resistance to developing experimental autoimmune encephalomyelitis, 
highlighting the contribution of gut microbiota - particularly gram-positive segmented 
filamentous bacteria - to disease development [79]. 

Although these findings suggest a potential mechanistic link between gut microbiota 
and MS, further well-designed studies are required to clarify causality and therapeutic 
implications. 

 

2. CONCLUSION 

Understanding how the gut microbiota communicates with distant organs such as the 
brain remains an emerging area of research. Within this bidirectional network, the brain 
regulates intestinal motility as well as sensory and secretory functions, while gut-derived 
signals influence brain activity. This complex gut-brain axis is tightly regulated by the 
endocrine, immune, autonomic, and enteric nervous systems. A comprehensive understanding 
of this axis may provide novel strategies for the prevention and treatment of neurological and 
psychiatric disorders. 

Recent preclinical and clinical evidence suggests that modulation of the gut microbiota 
through dietary, prebiotic, or probiotic interventions may represent a promising psychobiotic 
approach for mood disorders, neurodevelopmental conditions, and neurodegenerative diseases. 
Such interventions may partially restore dysbiosis associated with these disorders. Given the 
association between altered gut microbiota composition and various CNS-related conditions, 
microbiota-targeted modulation constitutes a potential therapeutic avenue. 

Although animal studies support a therapeutic role for specific probiotics, robust, well-
controlled clinical trials are required to establish their efficacy in humans. Ongoing research 
aims to identify disease-specific microbial signatures and microbial-derived signaling 
molecules that could enable personalized interventions, including tailored dietary strategies and 
microbiota-based therapies. These advances may facilitate early diagnosis, preventive 
strategies, and adjunctive treatments for CNS and psychiatric disorders. 
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microbiota-targeted modulation constitutes a potential therapeutic avenue. 

Although animal studies support a therapeutic role for specific probiotics, robust, well-
controlled clinical trials are required to establish their efficacy in humans. Ongoing research 
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molecules that could enable personalized interventions, including tailored dietary strategies and 
microbiota-based therapies. These advances may facilitate early diagnosis, preventive 
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