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      Introduction

    

    In the ever-evolving landscape of modern medicine, one of the most daunting challenges faced by health-care professionals and students in treating their patients is mastering the vast array of pharmacological options available in different pharmaceutical formulations. This involves selecting the most appropriate active ingredient for each patient after considering their personal clinical conditions and concomitant treatments. However, the cornerstone in appropriate selection consists of knowing the name of each substance, being aware of the chemical and pharmacological characteristics associated with that name, and remembering exceptions and particularities of certain active ingredients within a family.


    Looking at the wide panorama helps in understanding the complexity of the problem, as the sheer number of International Nonproprietary Names (INNs) and marketed medicines can be overwhelming. As of 2023, the World Health Organization (WHO) has published over 11 000 INNs, with hundreds more added yearly (1). The 2025 WHO Model List of Essential Medicines selected 523 active ingredients, aiming to cover the treatment of 90% of the diseases usually seen in hospitals and primary health care settings (2). Furthermore, general practitioners typically rely on a core set of 100–200 medicines to address 90% of the health problems they encounter in primary care (3). However, in routine practice, in 90% of cases, a general practitioner’s prescriptions will generally be drawn from a smaller subset of about 20–30 medicines. This disparity between the availability and the actual requirement highlights the need for accurate selection, which must be based on updated national formularies and therapeutic guidelines, but especially a good knowledge of general and clinical pharmacology.


    "Stem in a Pill" has emerged as a response to this need, offering a novel approach to learning and understanding pharmacology through the lens of INN stems. By focusing on these common roots that group medicines with similar chemical structures or therapeutic effects, we provide a framework for health-care professionals to move beyond mere memorization of drug names and help them to understand:


    
      	on the one hand, common aspects shared by the substances with the same stem (such as mechanism of action, indications of use, adverse reactions, precautions, and contraindications);


      	on the other hand, particularities of certain substances within the stem, which make them either safer, contraindicated, or peculiar in their conditions of use.

    


    The challenge for health-care professionals extends far beyond rote learning. Medicines are not just chemical or biological compounds with specific effects; they are tools for healing patients; each prescription decision affects a patient's health and well-being. Therefore, selecting the most appropriate medicine demands knowing not only the patient's condition (diagnosis, comorbidities and concomitant treatments), but also a deep understanding of the characteristics of each drug, the evidence supporting its use, and its suitability for the individual patient (4), based on the balance of desired benefits and potential harms, i.e. the benefit to harm balance (5).


    This e-book aims to bridge the gap between theoretical knowledge and practical application. By organizing medicines according to their INN stems, we create a logical structure, highlighting common characteristics within drug groups and noting important exceptions.


    By mastering the approach presented in "Stem in a Pill", health-care professionals will know the basics to understand and remember pharmacological concepts. But, perhaps more importantly, they will develop a mental framework that encourages (i) efficient recall of drug information, enabling them to make quick yet informed decisions in clinical settings (6) and (ii) accurate assessment of the role of new substances with the same stem marketed in the future.


    As you journey through these pages, you will discover a new way of thinking about medicines – one that will serve health-care professionals well throughout their careers. Please note that in addition to the contents of this e-book, the School of INN webpage (https://extranet.who.int/soinn/) includes updated materials and different courses and tools to support the understanding of pharmacology.
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      The International Nonproprietary Names (INNs) system and the science of stems

    

    Historical development and fundamental principles


    The International Nonproprietary Names (INN) system, established by the World Health Organization (WHO) in 1950 through resolution WHA3.11, represents a milestone in pharmacological nomenclature. Beginning in 1953 with its first published list, the system has evolved into a comprehensive framework encompassing over 11 000 designated names, growing by about 450 new INNs annually. This growth reflects not just numerical expansion but the system's adaptation to increasingly complex pharmacological and pharmaceutical development.


    The core strength of the INN system lies in its rigorous scientific standards. Each INN application requires extensive documentation, including precise chemical names with complete stereochemical information, molecular formulae and weights, Chemical Abstracts Service (CAS) registry numbers, graphic formulae, and proof of purity. In the case of biologicals, it is necessary to include the amino acid sequence. This thoroughness ensures that INNs are granted only to fully characterized and pure compounds, explicitly excluding from the system mixtures or ill-defined substances.


    Linguistic foundations and rules of nomenclature


    The INN system is built upon strict linguistic principles that ensure global consistency and clarity. Based on the Latin alphabet and rendered in lower-case letters, the system uses specific restrictions designed to prevent confusion and ensure consistent pronunciation worldwide. These include avoiding potentially problematic letters (k, y, w, ch, th, ph), certain vowel combinations (ai, oi, ei), and duplicate letters side-by-side (https://www.who.int/teams/health-product-and-policy-standards/inn/guidance-on-inn). These foundational rules support the system's international utility and help prevent medication errors.


    Each INN follows a precise semantic structure consisting of a stem (and often a substem) plus a euphonious addition that usually precedes the stem, a so-called fantasy or random prefix.


    Importantly, only the stems and substems carry defined “meaning”, while the compound-specific additions should be without obvious meaning or allusion. This structure must be preserved exactly as published – INNs cannot be abbreviated or contracted, even if they are long, as that could compromise their integrity as scientific names.


    Evolution from chemical to pharmacological nomenclature


    The evolution of the stem system represents a fundamental shift in pharmacological naming philosophy. In the early days, drug names were derived directly from chemical structures. Sulfacetamide is an example: its name reflecting its composition as a sulfonamide antibacterial compound containing an acetamide group. Similarly, the name phenobarbital stemmed from its barbituric acid structure modified with a phenyl group.


    Some substances, known and prescribed by their chemical names, continued to be known thus and were therefore not accorded INNs. Examples include acetylsalicylic acid and glyceryl trinitrate. The former is also known colloquially as aspirin, but since that is a trade name, it is not eligible to be an INN.


    However, the limitations of structure-based naming became increasingly apparent as pharmacological science advanced (Box 1).


    Box 1. The example of azole compounds


    
      The case of azole-containing compounds particularly highlighted these limitations. While compounds might share the azole chemical structure, they could belong to different therapeutic classes:


      
        	bendazoles function as anthelmintics


        	imidazoles are antimycotics


        	metronidazole derivatives are antiprotozoals


        	piperazoles are psychotropic agents


        	benzimidazoles are antiulcer drugs.

      

    


    
      
        
          	
        

      
    


    A compelling demonstration of this limitation comes from the comparison of imipramine and chlorpromazine. Despite their structural similarities, imipramine is a serotonin and norepinephrine (noradrenaline) reuptake inhibitor and is used as antidepressant, while chlorpromazine is a D2 receptor antagonist and is used as an antipsychotic. This divergence in pharmacological actions and therapeutic uses, despite structural similarity, highlighted the need for a naming system based on function rather than structure.


    The modern stem system


    Following the drug–receptor theory, which establishes that pharmacological effects result from specific ligand–receptor interactions, the INN Programme chooses suffixes (stems) to indicate modes of action or pharmacological classes. Each stem carries a precise definition, describing the substance's agonistic, antagonistic, modulating or inhibitory properties on receptors, enzymes or effector systems.


    Modern INNs consist of two essential elements:


    
      	a random, fantasy prefix providing uniqueness, and


      	a common stem indicating pharmacological relationships.

    


    For instance, all angiotensin-converting enzyme (ACE) inhibitors share the stem "-pril," while angiotensin II receptor antagonists use "-sartan".


    This systematic approach allows health-care professionals to immediately recognize the likely mechanism of action of a substance by its name.


    The INN Expert Group carefully assesses the similarity between names through a comprehensive process that considers overall sound and visual similarities. While semantic resemblance based on stem structure is desirable to denote related modes of action, evaluation extends beyond stem boundaries to consider the entire name. This assessment process is designated to maintain the distinctiveness of each INN, while preserving the important relationships between pharmacologically related substances.


    The system has evolved according to the knowledge available at any time, from a chemically based system to a pharmacologically based one. At the same time, there are still occasions when faced with uncertainty about pharmacology, the experts are thrown back on a chemical or combined nomenclature. As for nomenclature based on clinical use, at the time a name is given, the available information is still scarce, and some drugs may have more than one clinical use.


    Biological substances and the evolution of stem complexity


    The system's adaptability becomes particularly evident in its approach to biological medicines. It began in 1959 when animal insulin formulations received the first biological INNs in Recommended List 3. By 1980, the system had expanded to encompass a diverse range of biologicals, including antibiotics, synthetic peptides, hormones and proteins. A significant milestone occurred in 1982 when the name "insulin human" was proposed for recombinant-derived human protein, marking the system's entry into the biotechnology era. However, the INN can only name chemically well-defined substances; for example, the INN cannot name mixtures or substances that can vary from one method of preparation to another, which applies to mixtures of peptides of different lengths.


    Monoclonal antibodies: The naming of monoclonal antibodies exemplifies the sophistication of modern biological nomenclature. Initially, the naming scheme for monoclonal antibodies consisted of four carefully structured elements. However, a new naming system was required with an enormous outpouring of monoclonal antibodies and increasing complexities of actions. The processes are detailed in Box 2.


    Box 2. The evolution of the nomenclature for monoclonal antibodies


    
      Taking trastuzumab as an example, it is possible to deconstruct its name into: tras- (a random prefix) + -tu- (indicating tumour targeting), -zu- (denoting an animal-derived antibody that had been humanized), and -mab (identifying it as a monoclonal antibody). This is how the first monoclonal antibodies were named.


      The scheme was simplified by removing the species substem, while maintaining crucial target information. The substem concerning the origin was removed when the experts found that it was not a choice criterion for prescribers. The INN system is not an academic system; it aims to help caregivers in their daily practice. The new scheme is illustrated by netakimab: neta- (random prefix), -ki- (indicating interleukin targeting), and -mab for monoclonal antibody.


      A significant evolution in monoclonal antibody nomenclature occurred at the 73rd INN Consultation in October 2021, when the INN Expert Group decided to discontinue the stem "-mab" and replace it with four new stems. This change aimed to avoid confusion between monoclonal antibodies named under the old and new systems. The new classification divides substances containing immunoglobulin (Ig) variable domains into four distinct categories with new stems: (i) "-tug" for unmodified immunoglobulins (including natural, chimeric and humanized antibodies); (ii) "-bart" for artificial immunoglobulins with engineered amino acid changes in constant regions; (iii) "-ment" for immunoglobulin fragments; and (iv) "-mig" for bi- and multi-specific immunoglobulins.


      Like the previous system, these stems are preceded by infixes indicating the target class (such as "-ta-" for tumour, "-ki-" for cytokine and cytokine receptor, "-vi-" for viral targets). Notably, antibody–drug conjugates follow this new nomenclature scheme, the conjugate nature being indicated in a second word rather than by a special suffix.


      Alextatug is an example of this new nomenclature. It is a human immunoglobulin G1 monoclonal antibody directed against a ribonucleoprotein (RNP) complex, with potential immunostimulant and antineoplastic activities. Therefore, “alex-” is the random prefix, “-ta-” indicates a tumour as the target, and “-tug” because it is an unmodified immunoglobulin.

    


    
      
        
          	
        

      
    


    The system also makes specific provisions for various biological products. Some biological groups are intentionally excluded from INN assignment, including natural blood products, immunoglobulins fractionated from plasma, skin substitutes and vaccines. For many years, vaccines were not assigned INNs, but this changed with the advent of mRNA-based vaccines during COVID-19 (see below).


    However, clear naming policies exist for non-glycosylated substances, glycosylated substances (where proteins with identical amino acid sequences but different glycosylation patterns receive different INNs using Greek letters), fusion proteins, pegylated substances, cell therapies and gene therapies.


    Cell therapy nomenclature follows a structured approach similar to chemical substances. Such substances have INNs that contain both a suffix and prefix, plus infixes describing the manipulation method and cell type. For example, eltrapuldencel describes a cell therapy based on pulsed dendritic cells.


    Gene therapy nomenclature uses a two-word scheme; the first word represents the gene component and the second describes the vector component. For example, onzemipgene parvec is the name of a gene therapy for macular degeneration.


    Educational significance and professional application 


    The stem system serves as a powerful educational tool in health sciences, because it creates a logical framework for understanding drug classifications and mechanisms of action. When health-care professionals and students encounter a new medicine, the stem immediately provides insight into its pharmacological action. This connection between name and mechanism facilitates both initial learning and continuing professional development, as new medicines reach the market.


    The educational value extends beyond basic categorization. Understanding stem definitions leads directly to understanding the pharmacology of substances, creating a natural bridge between nomenclature and therapeutic function. This systematic approach particularly benefits those learning pharmacology, as it groups drugs by mechanism rather than requiring memorization of individual drug properties.


    In clinical practice, stems enable rapid identification of therapeutic alternatives within the same class, facilitate recognition of potential drug–drug interactions, and support understanding of expected therapeutic effects and potential adverse effects. This practical utility extends to research and development, where stems help identify potential comparative drugs for clinical studies and aid in the rational development of new drug names based on the mechanism of action.


    The purpose of this text is to describe the characteristics of the stems that include the most commonly used medicines by explaining the pharmacokinetic and pharmacodynamic characteristics common to all the substances that share a stem, as well as highlighting relevant differences between them.


    INN protection mechanisms and system integrity


    The integrity of the INN system is protected through specific WHO procedures (https://www.who.int/teams/health-product-and-policy-standards/inn/guidance-on-inn).


    Lists of both proposed and recommended INNs are sent together with a note verbale (a formal record of information that would otherwise have been delivered orally) by the Director-General to WHO Member States (currently 194 in number), national pharmacopoeia commissions, and other bodies designated by Member States. The World Health Assembly’s resolution WHA46.19 (1993) specifically addressed the growing need to maintain system integrity, preventing the use of stems in trademarks to avoid confusion in drug nomenclature. Therefore, the Director-General requests that Member States take necessary steps to prevent the acquisition of proprietary rights on the name, including a prohibition on registering the name as a trade name.


    A critical aspect of this protection involves a 4-month objection period following the publication of a proposed INN. During this time, interested parties may file formal objections if they believe the proposed INN conflicts with existing trademarks or poses other concerns. WHO actively pursues resolution of such objections, either through seeking withdrawal of the objection or reconsidering the proposed name. Importantly, no name becomes a recommended INN while unresolved formal objections exist.


    Global implementation and harmonization


    The practical implementation of the INN system demonstrates remarkable international harmonization. Through collaboration, national nomenclature systems have largely aligned with INNs. British Approved Names (BAN), Dénominations communes françaises (DCF), Japanese Adopted Names (JAN), and United States Accepted Names (USAN) now show only rare exceptions to INN concordance (Table 1).


    
      
        Table 1. Exceptions to INN concordance

        
          
            	
              INN

            

            	
              Discordance

            
          

        

        
          
            	
              paracetamol

            

            	
              acetaminophen

            

            	
              United States Adopted Name (USAN)

            
          


          
            	
              salbutamol

            

            	
              albuterol

            

            	
              United States Adopted Name (USAN)

            
          


          
            	
              dosulepin

            

            	
              dothiepin

            

            	
              United States Adopted Name (USAN)

            
          


          
            	
              epinephrine

            

            	
              adrenaline

            

            	
              British Approved Name (BAN)

            
          


          
            	
              norepinephrine

            

            	
              noradrenaline

            

            	
              British Approved Name (BAN)

            
          

        
      

    


    This harmonization facilitates clear communication about pharmacological substances across national boundaries and avoids confusion, reduces the risk of medication errors, and increases patient safety.


    The system's global reach extends to regulatory requirements. Many countries have established specific regulations regarding display of INNs in pharmaceutical labelling and advertising. Some jurisdictions require the nonproprietary (generic) name to appear prominently in type at least half the size of the proprietary or brand name, while others mandate even greater prominence. Certain countries have taken the additional step of abolishing trademarks in their public sectors, demonstrating the system's fundamental importance to public health.


    The INN system also plays a crucial role in international trade. The World Customs Organization's Harmonized System includes 6350 INNs, facilitating global commerce in pharmaceutical substances. This integration supports exemptions on customs duty for pharmaceutical products and promotes standardized identification of medicines in international trade.


    Practical applications in health-care systems


    In health-care settings, the stem system serves multiple practical functions beyond simple identification. Health-care professionals use stems to quickly recognize therapeutic alternatives within drug classes, understand potential drug interactions, and anticipate therapeutic and adverse effects. This practical utility extends to pharmacovigilance activities, where systematic naming supports monitoring of adverse events and signal detection.


    The system particularly benefits generic prescribing practices. By providing clear, standardized names for pharmacological substances, INNs facilitate identification and substitution of generic medicines, supporting both cost-effective health-care delivery and improved access to medicines; they therefore facilitate the promotion of rational use of medicines. This aspect becomes increasingly important as health-care systems worldwide seek to balance quality care with resource constraints and aim at universal health coverage (UHC).


    Future challenges and adaptation


    The INN system continues to evolve in response to pharmacological and pharmaceutical innovation. Current challenges include developing appropriate naming conventions for multi-target drugs, accommodating novel therapeutic modalities, and creating stems for new biological product categories. The system addresses these challenges through regular expert consultations and systematic updates to stem guidelines (Box 3).


    Box 3. The example of COVID-19 vaccines


    
      In 2020, during the COVID-19 pandemic, the WHO INN Programme faced an unprecedented challenge: the need to rapidly assign INNs to novel vaccine technologies while maintaining scientific integrity. This case demonstrates how the INN system adapted to meet urgent public health needs.


      While traditional vaccines such as inactivated or live-attenuated vaccines have not been assigned INN, novel vaccines that contain well-defined active ingredients such as nucleic acids or recombinant proteins fulfil the criteria to be assigned INN.


      In August 2020, the INN Expert Committee convened an ad hoc meeting to address this naming challenge. The committee assigned INNs to several mRNA vaccines and a plasmid DNA vaccine. The nomenclature followed established scientific principles:


      
        	mRNA vaccines received names with the stem "-meran" (e.g. zorecimeran, tozinameran, elasomeran);


        	the DNA vaccine followed the two-word naming convention (reluscovtogene ralaplasmid).

      


      Importantly, to address SARS-CoV-2 variants, all COVID-19 vaccine substances with changes made to target new variants, improve antigen stability, or enhance expression will be "assigned a new unique alternative INN, not necessarily related to any preceding INN".*


      This systematic adaptation served multiple scientific and public health functions: it facilitated accurate pharmacovigilance, supported clear identification of multiple SARS-CoV-2 vaccines, and enabled precise documentation of heterologous vaccination regimens. The process demonstrated the INN system's capacity to accommodate novel pharmaceutical technologies while maintaining scientific rigour and standardization.

    


    * International Nonproprietary Names for Variant COVID-19 Vaccine Active Substances. Geneva: World Health Organization; 2024 (INN Working Doc. 21.520/rev.; https://www.who.int/publications/m/item/inn-21-520, accessed 18 September 2025).


    These adaptations maintain the system's relevance while preserving its fundamental principles. For instance, the recent simplification of monoclonal antibody nomenclature demonstrates how the system can evolve to reflect scientific advances while maintaining clarity and utility. Such adaptability ensures the system's continued value in supporting both current pharmacological practice and future innovations in drug development.


    The INN stem system thus represents a sophisticated and evolving approach to pharmaceutical nomenclature that balances scientific accuracy with practical utility. Its development from chemically based to pharmacologically based naming reflects our deeper understanding of drug mechanisms, while its adaptability to biological medicines demonstrates its continuing relevance. Through careful protection and standardization, the system maintains its crucial role in supporting global health-care delivery and pharmaceutical development, serving as an indispensable tool for health-care professionals, researchers and regulators worldwide.
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      The School of INN: a WHO educational initiative

    

    The School of International Nonproprietary Names (SoINN) represents a significant educational advance launched by WHO in 2019 as part of the INN Programme. This virtual educational platform emerged in response to a comprehensive survey involving more than 1000 respondents, which identified a pressing need for more accessible and structured information about the INN nomenclature system.


    The fundamental purpose of the SoINN extends beyond simple education – it aims to mainstream INN understanding and contribute to improved treatment outcomes and patient safety on a global scale.


    As a WHO INN Programme initiative, the school serves to educate students of medicine and pharmacy, along with other INN stakeholders, on the intricate process of designing and constructing International Nonproprietary Names. Furthermore, it provides essential guidance to health-care professionals and patients on interpreting these standardized pharmacological names.


    Built on a free and open-source learning platform, the SoINN's architecture is specifically designed to accommodate diverse user needs. The platform incorporates functionality for targeted sharing of courses and information, with content delivery tailored to different predefined user profiles. Its structure has three main sections, supplemented by dedicated areas for announcements and specialized search capabilities for INN stems.


    The school's design reflects careful consideration of its target audience, encompassing health professionals, students, academia, patients and pharmaceutical companies. Its primary objective remains firmly focused on promoting the safe and effective use of medicines through proper understanding and application of the INN system.


    In the educational context, the SoINN addresses a significant challenge faced by students of pharmacology and therapeutics, i.e. the traditionally difficult task of memorizing the names of medicines and their mechanisms of action. The platform moves beyond rote learning, fostering a deeper understanding of pharmacological nomenclature science and helping to cultivate future generations of INN experts. The “Stem in a Pill” project, which constitutes the body of this e-book, is one of the main products of the SoINN, trying to fulfil this purpose.


    The collaborative nature of the platform is evident in that it accommodates contributions from various INN stakeholders, creating a dynamic learning environment that evolves with the field. This approach ensures that the educational content remains current and relevant to real-world pharmacological, pharmaceutical and therapeutic practices while maintaining alignment with WHO's established standards for pharmacological nomenclature.


    You can access the SoINN and its content via the link: https://extranet.who.int/soinn/


    
      [image: School of International Nonproprietary Names]
    
  

  
    
      1. Inhibitors of the H+/K+-ATPase (proton pump inhibitors)


      -prazole and -prazan – inhibitors of the H+/K+-ATPase (proton pump inhibitors)

    

    
      A – Alimentary tract and metabolism


      A02 – Drugs for acid-related disorders


      A02B – Drugs for peptic ulcer and gastro-oesophageal reflux disease


      A02BC – Proton pump inhibitors

    


    Stem


    -prazole – proton pump inhibitors, benzimidazole derivatives


    -prazan – proton pump inhibitors that do not depend on acid activation


    Medical substances related to the class


    -prazole:*


    
      	dexlansoprazole


      	esomeprazole


      	ilaprazole


      	lansoprazole


      	omeprazole


      	pantoprazole


      	rabeprazole

    


    -prazan:


    
      	revaprazan


      	vonoprazan


      	tegoprazan

    


    * The stem is -prazole and not “prazol”; therefore, “alprazolam” is not a “prazol” with a suffix. Not to be confused with -piprazole psychotropics, phenylpiperazine derivatives such as aripiprazole (75).


    
      Proton pump inhibitors – a summary


      Substances that share the -prazole stem are commonly known as proton pump inhibitors (PPIs), while the newer -prazan substances are potassium-competitive acid blockers (PCABs). The PPI omeprazole has represented this class in WHO’s Essential Medicines List since 2009. Only a few PCABs have been authorized for clinical use in Asian markets and, recently, in the United States of America.


      PPIs are administered as inactive prodrugs that become activated in acidic secretory canaliculi of the parietal cells, forming sulfenamide cations that create disulfide bonds with cysteine residues on the alpha subunit of the H+/K+-ATPase, irreversibly deactivating it. PCABs bind reversibly to the potassium-binding site and are administered in their active state.


      The main indications for these compounds are gastro-oesophageal reflux disease, gastric/duodenal ulceration, Helicobacter pylori eradication, and pathological hypersecretory conditions. Common adverse effects include headache, diarrhoea, constipation, abdominal pain and upper respiratory tract infections. Among the long-term risks described, acute tubulointerstitial nephritis, Clostridium difficile infection, bone fractures, vitamin B12 deficiency and hypomagnesaemia can be highlighted.


      CYP2C19 primarily metabolizes PPIs, while PCABs are mainly metabolized by CYP3A4. PPIs should be taken 30–60 minutes before meals, while PCABs can be taken regardless of mealtime.

    


    WHO’s list of essential medicines


    The proton pump inhibitors (PPIs) are represented by omeprazole in the 23rd WHO Model List of Essential Medicines and the 9th Model List of Essential Medicines for Children (published in 2023). It is included as an example of the drug class, listed with the following uses: gastro-oesophageal reflux disease, peptic ulceration, and gastrointestinal bleeding. The potassium-competitive acid blockers are not represented in the Model List of Essential Medicines.


    Main indications*


    
      	Treatment of gastro-oesophageal reflux disease, including erosive oesophagitis.


      	Promotion of the healing of gastric and duodenal ulcers and prevention of relapse.


      	Eradication, when administered with appropriate antibiotics, of Helicobacter pylori. Prevention of re-occurrence of duodenal ulcers associated with H. pylori infection.


      	Treatment and prevention of ulcers associated with the use of non-steroidal anti-inflammatory drugs (NSAIDs).


      	Treatment of eosinophilic oesophagitis.


      	Pathological hypersecretory conditions, including Zollinger–Ellison syndrome.


      	Prevention of stress-related mucosal bleeding in critically ill patients.


    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Mechanism of action


    Acid secretion into the gastric lumen is a physiological process required to digest food, absorption of nutrients, and control of bacterial growth. Nevertheless, excess secretion of acid may lead to pathological conditions. The parietal cells (also known as oxyntic cells) are responsible for hydrochloric acid (HCl) secretion. This task is performed by the enzyme H+/K+-adenosine triphosphatase (H+/K+-ATPase, also referred to as the proton pump). The ATPase secretes hydronium ions from the cytoplasm in exchange for extracellular potassium; hydrolysis of ATP provides the energy for the reaction. Inhibitors of the gastric H+/K+-ATPase are the most potent suppressors of gastric acid secretion.


    Proton pump inhibitors (PPIs) are weak bases, administered as inactive prodrugs. They are absorbed from the small intestine into the systemic circulation and then diffuse across lipid membranes into the acidic secretory canaliculi of the gastric parietal cells. In this milieu, the PPIs are protonated and converted into their active form, which contains a sulfenamide cation. The sulfenamide readily forms disulfide bonds with cysteine residues on the alpha subunit of the ATPase, irreversibly deactivating it. Since this inhibition is irreversible, acid secretion is possible only when new proton pumps are available. As their production and transport into the membrane takes time, PPIs provide a prolonged effect of about 24 hours, even though their plasma half-lives are significantly shorter. It is noteworthy that PPIs inhibit only activated H+/K+-ATPase.


    Potassium-competitive acid blockers (PCABs) also block the H+/K+-ATPase. However, in contrast to PPIs, PCABs are administered in their active state and reach peak plasma concentrations quickly. They inhibit the ATPase by binding to the potassium-binding site in a competitive and reversible manner. PCABs are weak bases, easily protonated in the acidic environment of the canaliculi of the gastric parietal cells. Since the protonated ions have difficulty in passing across cell membranes, the protonated PCABs concentrate in the gastric parietal cells.


    PCABs can bind to the proton pump's active and inactive forms, so the time required to achieve a maximal effect is faster than that of the PPIs. Their reversibility also means that their ability to compete with potassium at its binding site depends on the drug concentration.


    Three PCABs are currently approved in some Asian markets and, recently, in the United States of America: revaprazan, vonoprazan and tegoprazan.


    Adverse reactions


    General safety profile – The most common adverse effects in clinical studies were headache, diarrhoea, constipation, abdominal pain, nausea, upper respiratory tract infections, vomiting and flatulence. In children, the most common adverse effects were upper respiratory tract diseases (probably associated with gastric acid reflux), headache, fever, diarrhoea, vomiting, rashes and abdominal pain. PCABs show a similar profile of adverse effects, including gastrointestinal disturbances, such as diarrhoea, enteric infections, and interference with the absorption of nutrients.


    Specific adverse reactions – Other adverse effects associated with the use of PPIs are:


    
      	Acute tubulointerstitial nephritis


      	Clostridium difficile-associated diarrhoea (CDAD)


      	Bone fractures


      	Cutaneous and systemic lupus erythematosus


      	Deficiency of hydroxocobalamin (vitamin B12)


      	Fundic gland polyps


      	Hypomagnesaemia.

    


    Reversible abnormal liver function tests were observed in patients receiving vonoprazan. Monitoring of liver functions is advised in patients receiving PCABs.


    Gastrin-related adverse reactions – The hormone gastrin is a potent inducer of acid secretion. When the acid production is suppressed, gastrin concentrations rise, leading to excess gastric acid secretion on discontinuing treatment. In addition, gastrin stimulates epithelial cell proliferation, and therefore concern has been raised that hypergastrinaemia may be involved in the development of gastrointestinal malignancies. Other potential adverse reactions deriving from the mechanism of action are bacterial infections, reduced absorption of magnesium, vitamin B12, and medical substances that require an acidic environment for absorption.


    Common contraindications


    
      	Known hypersensitivity to the active ingredient or any component of the formulation


      	Concomitant use of atazanavir or rilpivirine (for PPIs), which requires a low gastric pH for absorption

    


    Warnings and precautions


    Gastric malignancy – Particular care is required in patients presenting with “alarm features”, and gastric malignancy should be ruled out before treatment. In the case of a suboptimal response or an early relapse, further clinical evaluation is recommended.


    Rebound acid hypersecretion – There is a risk of rebound acid hypersecretion in abrupt cessation after prolonged treatment.


    Acute tubulointerstitial nephritis has been observed in patients taking PPIs.


    Clostridium difficile-associated diarrhoea (CDAD) – Treatment with PPIs may be associated with an increased risk of CDAD, even when antibiotics are not used concurrently. Patients should be advised to report signs or symptoms of C. difficile infection (such as watery stools, stomach pain or cramps, or the appearance of blood in the stools).


    Respiratory and enteric infections – Gastric acid plays an important role in protection against bacterial infections. Some studies have reported an increased risk of infections in patients taking PPIs.


    Bone fractures – The use of PPIs may be associated with an increased risk of bone fractures, especially in patients taking high doses of a PPI. In patients using PPIs for prolonged periods, it is advisable to monitor bone density and consider concomitant administration of calcium supplements.


    Cutaneous and systemic lupus erythematosus have been reported in patients taking PPIs.


    Deficiency of hydroxocobalamin (vitamin B12) – Prolonged daily use of substances, which reduce the acid secretion, may lead to reduced absorption of vitamin B12. It is recommended to monitor the serum vitamin B12 concentration in patients taking PPIs for a prolonged period.


    Hypomagnesaemia has been reported in patients treated with PPIs. It is advised to monitor the serum magnesium concentration in patients who take PPIs for a prolonged period.


    Hypergastrinaemia – An increase in serum gastrin concentrations was demonstrated in patients using PPIs or PCABs. Owing to the trophic effects of gastrin on the epithelial cells of the stomach and intestine, sustained hypergastrinaemia may be correlated with the development of gastrointestinal malignancies.


    Use in specific populations


    Pregnancy – A large cohort showed that the use of PPIs during early pregnancy was not associated with a substantial increase in the risk of congenital malformations, although small increased risks were observed for major congenital malformations and congenital heart defects; therefore, PPIs may be prescribed when no alternative is available. Since most of the existing data concerns omeprazole, it is the preferred PPI during pregnancy. No data about the safety of PCABs in pregnancy are available.


    Nursing mothers – Limited information suggests that esomeprazole, omeprazole and pantoprazole are found in low levels in the milk; the use of therapeutic doses is unlikely to affect the infant. Not enough information is available to establish the safety of dexlansoprazole and lansoprazole in breastfeeding women. No information is available on ilaprazole, rabeprazole and the PCAB; therefore, alternatives are preferred.


    Children – The use of PPIs is established in children. PPIs are used for the treatment of symptomatic gastro-oesophageal reflux disease and associated erosive oesophagitis. The minimal age for use varies between different indications, substances and regulatory authorities. Since the metabolism of PPIs depends on cytochrome P450, which is not mature in neonates and young infants, higher exposure is predicted in them.


    Elderly patients – No overall clinically significant differences in the safety and efficacy of PPIs were observed between elderly and younger individuals. However, greater sensitivity of some older individuals cannot be ruled out.


    Renal impairment – No clinically significant pharmacokinetic differences were observed in patients taking PPIs. Dosage adjustment of PPIs is not required in patients with renal impairment.


    Hepatic impairment – Oxidative metabolism is the major elimination pathway of both PPIs and PCABs. Therefore, their clearance may be impaired in patients with hepatic insufficiency and dosage reduction may be required.


    Ethnicity – Dexlansoprazole, esomeprazole, lansoprazole, omeprazole and pantoprazole are metabolized extensively by the polymorphically expressed CYP2C19. In some subpopulations, genetic polymorphism, expressed as poor metabolism by CYP2C19, will lead to longer elimination half-lives of the affected drugs. Poor metabolizers are more prevalent in Asian populations, but other ethnic groups are also affected by such polymorphism. Metabolism by CYP2C19 is not a major elimination pathway for PCABs, and their elimination is therefore less influenced by genetic polymorphisms.


    Pharmacokinetics


    PPIs and PCABs are usually administered orally.


    PPIs are weak bases that are administered as prodrugs. They are absorbed in the small intestine and are acid-labile. They are administered in different formulations, such as an acid-resistant enteric coating system, to protect them from being destroyed in the low gastric pH. On arrival in the alkaline environment of the small intestine, the enteric coating disintegrates, and the medicine can be absorbed. A simpler dosage form may contain sodium bicarbonate, which protects the acid-labile drug in the low gastric pH.


    The oral availability of PPIs ranges from 40% for omeprazole as a single dose (60% during repeated dosing) to more than 80% for lansoprazole and also during repeated dosing of esomeprazole. The peak plasma concentration is reached after up to two hours, depending on the specific substance and formulation. After being absorbed from the intestine into the systemic circulation, the weak bases can diffuse across cell membranes. However, once absorbed into the acidic secretory canaliculi of the parietal cells, the PPIs are protonated and converted into their active form and do not readily leave the cell.


    The number of proton pumps on the parietal cells increases after fasting. In addition, PPIs can bind only to activated pumps. Administration, when the number of proton pumps is maximal and allowing enough time afterwards to activate ATPase, ensures better outcomes. PPIs should therefore be administered 30–60 minutes before the first meal of the day. Since not all the proton pumps are simultaneously activated, the maximal effect is reached only after a few doses have been administered.


    The substances under the stem -prazole are highly bound to plasma proteins. They are extensively metabolized by the cytochrome P450 system (CYP). The major metabolic pathway depends on the polymorphically expressed CYP2C19. This may imply drug–drug interactions when those substances are used concurrently with medications that influence CYP2C19 availability or that are influenced by it. Polymorphism of CYP2C19 may influence drug exposure. CYP3A4 is another metabolic route of many PPIs, although a less significant one. ilaprazole is mostly oxidized by the CYP3A5 family, while rabeprazole also undergoes systemic nonenzymatic reduction.


    The metabolites are excreted in the urine and the faeces. Esomeprazole, omeprazole, pantoprazole and rabeprazole are mainly excreted in the urine. The metabolites of lansoprazole have significant biliary excretion, while dexlansoprazole is almost equally cleared by both routes. PPIs have short half-lives, 1–2 hours (except for ilaprazole, with an elimination half-life of 8–10 hours and a mean half-life of 3.6 hours). However, it is important to stress that the plasma elimination half-life does not reflect the duration of suppression of gastric acid secretion. Therefore, PPIs are administered once or twice daily, although they have much shorter half-lives.


    PCABs are administered in their active state as rapid-release formulations. They are quickly absorbed and reach a maximum plasma concentration after 1–2 hours. Since members of this drug class bind to the proton pump in both its active and inactive states, they can be administered regardless of mealtime.


    Two PCABs, vonoprazan and tegoprazan, are metabolized in the liver to inactive metabolites, mainly by CYP3A4. In contrast to PPIs, metabolism by CYP2C19 is not a major elimination pathway and therefore their metabolism is less affected by genetic polymorphisms. The half-lives of PCABs are significantly longer than those of the PPIs, 2.2–9.8 hours for a single dose and 4–14 hours for multiple doses of raveprazan, 7.7 hours for vonoprazan, and 3.65–5.3 hours for tegoprazan. Like PPIs, PCABs are administered once or twice daily.


    Drug–drug interactions


    PPIs and PCABs increase gastric pH. This may have implications for the absorption of concomitantly used medicines and nutritional elements that require an acidic environment for absorption. The oral availability of substances that require an acidic environment (such as nilotinib, mycophenolate mofetil, ketoconazole and itraconazole) may be reduced, while exposure to other medicines, such as digoxin, may increase; digoxin concentrations should be monitored, and dosage adjustment may be required.


    Antiretroviral medicines – The absorption of some antiretroviral drugs (such as rilpivirine, atazanavir and nelfinavir) depends on pH. When their systemic availability is reduced, the antiviral activity may be impaired, which may lead to the development of drug resistance. On the other hand, exposure to other antiretroviral drugs (such as saquinavir) may increase when they are used concomitantly with PPIs. This may increase the risk of adverse reactions to the antiretroviral drugs.


    The concomitant use of PPI and methotrexate may increase serum methotrexate concentrations, possibly leading to toxicity. This is especially significant when methotrexate is administered in higher doses, as an antineoplastic treatment, than when it is used as an antirheumatic treatment.


    Cytochrome P450-based interactions – PPIs are metabolized by the CYP system, mostly CYP2C19; concomitant use of medicines that influence CYP2C19 may lead to altered bioavailability of PPIs. PPIs are also metabolized by CYP3A4, although this metabolic pathway is less important. Two exceptions are ilaprazole (mostly oxidized by the CYP3A family) and rabeprazole (which undergoes nonenzymatic reduction), and they therefore do not have clinically significant interactions with other drugs metabolized by the cytochrome P450 system. PCABs are metabolized hepatically by CYP3A4 and therefore they may be influenced by the concurrent use of CYP3A4 inhibitors or inducers.


    CYP2C19 or CYP3A4 inducers – Exposure to dexlansoprazole, esomeprazole and omeprazole may be reduced when they are used concomitantly with strong cytochrome P450 inducers, such as St John's wort and rifampicin.


    CYP2C19 or CYP3A4 inhibitors – When voriconazole is used concomitantly with strong CYP2C19 or CYP3A4 inhibitors, increased exposure is expected.


    Drugs metabolized by CYP2C19 – omeprazole and esomeprazole are CYP2C19 inhibitors. Clopidogrel is a prodrug, transformed to its active metabolite by CYP2C19. Concomitant use of esomeprazole or omeprazole may impair transformation of clopidogrel to its active form and lead to reduced activity.


    CYP2C19 metabolizes phenytoin, so its serum concentrations may rise when it is used concurrently with esomeprazole or omeprazole. Monitoring the plasma concentrations of phenytoin is recommended after starting treatment with esomeprazole or omeprazole, when dosage adjustment is made, or after discontinuation of the PPI.


    Increased INR (international normalized ratio) and prothrombin time were demonstrated in patients concomitantly receiving a -prazole and warfarin. A possible mechanism for this interaction is inhibition of CYP2C19-mediated metabolism of warfarin. The INR or prothrombin time should be monitored, and dosage adjustment may be required.


    Concomitant use of warfarin and revaprazan reduced the INR. Monitoring and dosage adjustment according to the INR is required.


    Investigations for neuroendocrine tumours – Reduced gastric acidity may lead to increased serum chromogranin A (CgA) concentrations, which may cause false-positive results in diagnostic investigations for neuroendocrine tumours.


    Administration


    All PPIs and PCABs are available as oral formulations. Some of them, such as esomeprazole, omeprazole and pantoprazole, also exist as intravenous formulations. PPIs are acid-labile; different formulations protect them from the acidic gastric environment, such as enteric-coating or incorporation of sodium bicarbonate.


    Ideally, most PPIs should be administered 30–60 minutes before the first meal of the day. The tablets or capsules should be swallowed whole. Some capsules may be opened, and the contents can be swallowed with water or mixing it with a slightly acidic fluid, such as fruit juice or apple sauce, or in non-carbonated water. In such cases, dispersion should be done immediately (within a maximum of 30 minutes), and the solution should be stirred just before drinking and rinsed down with half a glass of water. Some capsules can also be opened and administered with apple sauce or via an oral syringe or nasogastric tube. PCABs may be taken without regard to meals.


    Dosage reduction of PPIs may be required in slow CYP2C19 metabolizers.


    Monitoring


    
      	A symptomatic response to treatment does not preclude the presence of a gastric malignancy. In the case of a suboptimal response or an early relapse, further clinical evaluation is recommended.


      	Monitoring the bone mineral density is recommended in patients using PPIs for prolonged periods.


      	Monitoring of liver function is recommended in patients taking PCABs.


      	Prolonged use of substances that reduce acid secretion may lead to reduced absorption of hydroxocobalamin (vitamin B12) and to hypomagnesaemia. Monitoring their serum concentrations is recommended during prolonged treatment.

    


    Overdose


    Data about the effects of -prazole overdose are limited. The adverse effects of overdose are similar to those seen during treatment with therapeutic doses: nausea, vomiting, dizziness, abdominal pain, diarrhoea and headache. Confusion, tachycardia, sweating and flushing have also been described.


    There is no antidote to PPIs. They are highly bound to plasma proteins, and therefore dialysis is not expected to remove them from the circulation. In case of overdose, the treatment should be symptomatic and supportive: correction of electrolyte and water imbalances in case of vomiting or diarrhoea, and monitoring of vital signs, renal function and liver enzymes.


    Dosage forms


    
      	Delayed-release capsules


      	Delayed-release granules


      	Delayed-release oral tablets


      	Delayed-release oral suspensions


      	Intravenous injections

    


    Important patient information


    
      	Patients should be advised to report to the prescriber in case of hypersensitivity reactions (such as rash, itching, difficulty in breathing, swelling of the mouth, lips or tongue); kidney problems (such as a decrease in the amount of urine, appearance of blood in the urine); signs of C. difficile infection (such as watery stool, stomach pain or cramps, appearance of blood in the stools) and other signs or symptoms that may be related to severe adverse effects.


      	A missed dose should be administered as soon as possible. If it is almost time for the next dose, then the missed dose should be skipped.


      	The decrease in gastric acidity may cause false results in diagnostic investigations. It is advised to inform health-care providers of the use of those pharmacological substances before the diagnostic test.

    


    Substances with INNs*


    azeloprazole (116), cinprazole (34), dexlansoprazole (93), disuprazole (56), esaprazole (45), esomeprazole (79), fuprazole (39), ilaprazole (86), lansoprazole (60), leminoprazole (68), levolansoprazole (93), nepaprazole (74), nilprazole (37), omeprazole (46), pantoprazole (62), picoprazole (46), pumaprazole (76), rabeprazole (69), saviprazole (62), tenatoprazole (80), timoprazole (35), ufiprazole (58)


    fexuprazan (120) (replaces abeprazan (118)), linaprazan (92), linaprazan glurate (126), revaprazan (91), soraprazan (88), tegoprazan (113), vonoprazan (106), zastaprazan (125)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs on which the compound is listed.
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      2. Biguanides – antihyperglycaemics, phenformin derivatives


      -formin – antihyperglycaemics, phenformin derivatives

    

    
      A – Alimentary tract and metabolism


      A10 – Drugs used in diabetes


      A10B – Blood glucose-lowering drugs, excluding insulins


      A10BA – Biguanides

    


    Stem


    -formin – antihyperglycaemics, phenformin derivatives


    Medical substances related to the class


    
      	metformin 


      	phenformin 


      	buformin

    


    Buformin and phenformin were withdrawn from most markets as they are associated with lactic acidosis. However, they are still sold in some countries. Metformin can also be associated with lactic acidosis, but only rarely.


    
      Biguanides – a summary


      Biguanides (identified by the stem -formin) are antihyperglycaemic agents used primarily for type 2 diabetes mellitus. While the class includes metformin, phenformin and buformin, only metformin remains widely used because the risk of lactic acidosis is much lower. Metformin is listed in WHO's Essential Medicines List.


      These agents work through multiple mechanisms: delaying glucose absorption, decreasing hepatic glucose production, and improving insulin sensitivity. Unlike other antidiabetics, they do not increase insulin secretion, resulting in a minimal risk of hypoglycaemia when they are used alone.


      Metformin's pharmacokinetics are distinctive: negligible protein binding, no hepatic metabolism, and primarily renal excretion through tubular secretion and glomerular filtration. Relevant adverse reactions include gastrointestinal disturbances, vitamin B12 deficiency, and rarely, lactic acidosis (particularly in renal impairment).


      Metformin is contraindicated in severe renal impairment (eGFR <30 mL/min/1.73 m²), acute/chronic metabolic acidosis, and conditions predisposing to tissue hypoxia. It remains the first-line treatment for type 2 diabetes because of its favourable effects on weight and cardiovascular risk.

    


    WHO’s list of essential medicines


    Metformin is included in the WHO Model List of Essential Medicines and is classified under oral hypoglycaemic agents. In addition, it is included in the complementary list that presents essential medicines for priority diseases for which specialized diagnostic or monitoring facilities, and/or specialist medical care, and/or specialist training are needed.


    Metformin is also included in the complementary list of the WHO Model List of Essential Medicines for Children. It is classified under oral hypoglycaemic agents (the complementary list presents essential medicines for priority diseases, for which specialized diagnostic or monitoring facilities, and/or specialist medical care, and/or specialist training are needed).


    Main indications


    
      	Treatment of type 2 diabetes mellitus in patients not achieving adequate glycaemic control with dietary management and physical exercise. 
 Metformin is generally the treatment of choice for patients with type 2 diabetes mellitus as a monotherapy or in combination with other antidiabetic medicines, including insulin. Among its advantages (compared with sulfonylureas or insulin): lower risk of hypoglycaemia, favourable effects on the metabolism of lipids (reduction of total cholesterol, LDL cholesterol and triglycerides), reduction of hyperinsulinaemia, and weight loss or lack of weight gain.

    


    Off-label uses


    
      	Prevention of diabetes mellitus type 2


      	Gestational diabetes mellitus


      	Polycystic ovary syndrome (PCOS)


      	Type 1 diabetes mellitus (in addition to insulin treatment)

    


    Mechanism of action


    Biguanides act as antihyperglycaemics through several mechanisms such as:


    
      	delaying glucose absorption from the gastrointestinal tract;


      	decreasing the hepatic glucose production; and


      	improving insulin sensitivity and increasing the peripheral uptake of glucose.

    


    These antihyperglycaemic activities improve glucose tolerance in patients with type 2 diabetes, lowering both basal and postprandial plasma glucose. To exhibit hypoglycaemic effects, the presence of endogenous insulin is essential. When used as a monotherapy and in normal dosage, hypoglycaemia is not considered an adverse reaction to metformin. Nonetheless, hypoglycaemia could occur when the caloric intake is not sufficient, when strenuous exercises are performed without compensation by caloric supplementation or during concomitant use with other glucose-lowering agents (such as sulfonylureas) or ethanol.


    Adverse reactions


    
      	The most common adverse reactions are gastrointestinal (GI): nausea, diarrhoea, abdominal pain and dysgeusia. These reactions occur most frequently early during treatment and often resolve spontaneously. GI effects can be minimized by dividing into 2–3 daily doses during or after the meals, starting the treatment with a low dose and titrating upward slowly. Once daily with meals and (over weeks) to effective doses.


      	Metallic taste.


      	A decrease in vitamin B12 serum levels was observed in patients treated with biguanides for longer durations.


      	Lactic acidosis is a life-threatening adverse reaction and is more common with the use of phenformin and buformin, and less with the use of metformin.

    


    Common contraindications


    
      	Hypersensitivity to the active ingredient or to any of the excipients


      	Severe renal impairment


      	Acute or chronic metabolic acidosis, including diabetic ketoacidosis

    


    Some authorities also include as contraindications: hepatic insufficiency, acute alcohol intoxication, alcoholism, lactation and any condition (acute or chronic) that has the potential to:


    
      	alter the renal function (such as dehydration, severe infection, shock, use of intravascular iodinated contrast agents);


      	cause tissue hypoxia (cardiac/respiratory failure, recent myocardial infarction, shock).

    


    Warnings and precautions


    Lactic acidosis – A serious metabolic complication that can occur due to serum lactate accumulation. While buformin and phenformin were withdrawn from most markets due to the high incidence of this adverse event, its probability of occurring with metformin is much lower.


    Lactic acidosis is characterized by elevated lactate levels, increased anion gap, and an increase in the ratio of lactate/pyruvate. It manifests as hypothermia, hypotension, dyspnoea and resistant bradyarrhythmia, and may result in coma and death. The onset can be subtle, with only nonspecific symptoms as malaise, myalgias, respiratory distress, somnolence and abdominal pain.


    Risk factors for metformin-associated lactic acidosis include:


    
      	Renal impairment


      	Administration of intravascular iodinated contrast agents


      	Surgery and other procedures


      	Concomitant use of certain drugs that interfere with common renal tubular transport systems involved in the elimination of metformin


      	65 years or older


      	Hypoxic states


      	Excessive alcohol intake


      	Hepatic impairment.

    


    If lactic acidosis is suspected, the use of the medicine must be stopped immediately, and supportive measures should be taken in a professional health-care setting. Haemodialysis is recommended.


    Vitamin B12 levels – The use of biguanides is associated with a decrease in vitamin B12 levels, probably due to interference with its absorption. Periodical measurement of serum vitamin B12 levels and haematological parameters is recommended. Abnormalities should be investigated and managed.


    Hypoglycaemia – Because biguanides do not increase insulin levels, they are not associated with a significant risk of hypoglycaemia under usual circumstances. But it can happen in special conditions such as insufficient caloric intake or concomitant use with other glucose-lowering medicines or alcohol consumption. The hypoglycaemic effect is more prevalent in the elderly, malnourished and debilitated patients or when there is adrenal/pituitary insufficiency or alcohol intoxication.


    Use in specific populations


    Pregnancy – Metformin crosses the placenta. Long-term studies are lacking regarding the outcomes of the offspring. According to most health authorities, insulin is the preferred medication to maintain blood glucose levels in pregnant women. In certain circumstances, metformin may be used to treat hyperglycaemia when the likely benefits from improved blood glucose control outweigh the potential for harm. Women with gestational diabetes should discontinue the treatment with all the antidiabetic medications after giving birth.


    Nursing mothers – Metformin should be used with caution while nursing newborn and premature infants or infants with renal impairment. Metformin levels in milk are low during maternal use. However, metformin is sometimes detectable in low levels in the serum of breastfed babies. Metformin levels are relatively constant in milk, so breastfeeding timing concerning metformin administration is of little benefit.


    Paediatric use – Metformin is used in children and adolescents with type 2 diabetes, in whom the glycaemic target has not been achieved with lifestyle modifications. Metformin is the initial pharmacological treatment of choice when the renal function is normal, according to the American Diabetes Association’s Standards of Medical Care in Diabetes (2020). The use has been established in a clinical study, in 10–16 years old patients.


    Geriatric use – Metformin is the first-line treatment for older adults with type 2 diabetes. However, as elderly patients have a greater likelihood of having hepatic, renal or cardiac impairment, the risk of lactic acidosis is greater, and caution should be used. Regular assessment of renal function should be performed, and the dosage should be accordingly adjusted.


    Renal impairment – In patients with decreased renal function, the renal clearance of metformin is decreased, and its half-life is prolonged. Decreased renal function is a risk factor for metformin-associated lactic acidosis. Before initiating the treatment, renal function, as an estimated glomerular filtration rate (eGFR), should be assessed.


    According to some health authorities, metformin is contraindicated in patients with an eGFR less than 60 mL/min/1.73 m2. According to other authorities (such as US FDA and EMA), metformin use is contraindicated only when the eGFR is lower than 30 mL/min/1.73 m2. When eGFR is 30–60 mL/min/1.73 m2, metformin may be used with caution, considering its risks and benefits. According to the US FDA, it is not recommended to initiate metformin treatment when eGFR is lower than 45 mL/min/1.73 m2. Still, metformin use that was initiated prior to renal function decrease could be continued.


    Liver impairment – Impaired hepatic function has been associated with lactic acidosis in some cases. Therefore, metformin should generally be avoided in patients with hepatic disease.


    Pharmacokinetics


    Phenformin depends upon hepatic microsomal hydroxylation for inactivation (about one third by CYP2D6), while metformin and almost all buformin are excreted unchanged.


    Metformin is negligibly bound to plasma proteins and partitions into erythrocytes. It does not undergo hepatic metabolism or biliary excretion. The renal clearance indicates that it is eliminated by tubular secretion and glomerular filtration.


    Drug–drug interactions


    Furosemide – The pharmacokinetic parameters of both metformin and furosemide were altered following their co-administration. Metformin plasma, blood Cmax, and blood AUC were increased. Furosemide Cmax and AUC were decreased.


    Nifedipine appears to enhance the absorption of metformin. Co-administration with nifedipine increased plasma metformin Cmax and AUC, and the amount increased in the urine.


    Drugs that reduce metformin clearance – These are medicines that interfere with common renal tubular transport systems involved in the renal elimination of metformin (ranolazine, vandetanib, dolutegravir and cimetidine). As a result, systemic exposure could increase, with an increased risk for lactic acidosis.


    Drugs that cause hyperglycaemia may lead to loss of glycaemic control. This group includes beta-2 agonists, thiazide and other diuretics, corticosteroids, phenothiazines, thyroid products, estrogens, oral contraceptives, phenytoin, nicotinic acid, sympathomimetics, calcium channel blockers, and isoniazid. When these medicines are withdrawn from a patient receiving a biguanide, the patient should be observed for hypoglycaemia.


    Drugs that may lead to hypoglycaemia – Concomitant use of insulin or an oral antidiabetic agent, such as sulfonylurea, may increase the risk for hypoglycaemia. Appropriate precautions should be taken. Beta-blockers and angiotensin-converting enzyme (ACE) inhibitors may also increase the hypoglycaemic action. In addition, beta-blockers may mask the signs of hypoglycaemia as tachycardia. Blood glucose should be monitored.


    Carbonic anhydrase inhibitors may cause a decrease in serum bicarbonate and induce a non-anion gap, hyperchloraemic metabolic acidosis. Therefore, concomitant use may increase the risk of lactic acidosis.


    Alcohol potentiates the effect on lactate metabolism, particularly in case of fasting, malnutrition or hepatic insufficiency. Patients should be warned to minimize alcohol intake.


    Iodinated contrast agents – Intravascular iodinated contrast agents increase the risk of renal failure, which may lead to metformin accumulation and lactic acidosis. Therefore, metformin should be discontinued prior to the test and not reinstituted until 48 hours afterwards and after renal function is found to be normal.


    Anticoagulants – Metformin increases the elimination rate of vitamin K antagonists. Prothrombin time should be monitored during concomitant use of metformin and vitamin K antagonists or when metformin is withdrawn from a patient receiving an anticoagulant.


    Administration


    
      	Metformin should be administered during or after a meal.


      	When more than one tablet is needed per day, the dose should be divided into 2–3 portions.


      	Extended-release tablets should not be crushed or chewed.


      	A slow dose increase during the initial treatment period might reduce the incidence of gastrointestinal adverse effects.


      	The initial dose should be adjusted after 10–15 days based on tolerability and efficacy, as demonstrated by blood glucose measures.

    


    Monitoring


    
      	The response to the therapy should be monitored and adjusted according to periodic fasting blood glucose, glycosylated haemoglobin (HbA1c) levels, and urine levels of glucose and ketones.


      	Renal function should be estimated using serum creatinine levels/estimated eGFR. Renal function should be determined before initiation of the treatment and periodically thereafter (at least once a year in patients with normal renal function and more frequently in elderly patients or when serum creatinine levels are at the upper limit of normal).


      	Hepatic function should be estimated before initiation of the treatment and periodically thereafter.


      	Measurement of haematological parameters (such as haemoglobin/haematocrit and red blood cell indices) on an annual basis is required. Apparent abnormalities should be investigated and managed.


      	Routine serum vitamin B12 measurements (2–3-times per year) are required, particularly in patients with peripheral neuropathy or anaemia and individuals with inadequate vitamin B12 intake or absorption.


      	Hypoglycaemia should be monitored in susceptible individuals, such as the elderly, during concomitant use of other glucose-lowering agents, when caloric intake is insufficient or strenuous exercises are not compensated by caloric intake and in patients with adrenal or pituitary insufficiency or alcohol intoxication.

    


    Overdose


    Hypoglycaemia is not very common, but possible after the ingestion of a high overdose of metformin. Lactic acidosis has occurred in such circumstances. Lactic acidosis should be suspected in any diabetic patient with metabolic acidosis lacking evidence of ketoacidosis (ketonuria and ketonaemia) and in patients with overdose.


    Symptomatic and supportive care should be administered, along with management of the underlying disorders. Metformin hydrochloride is dialysable, and therefore prompt haemodialysis is recommended to correct the acidosis and remove the accumulated drug.


    Dosage forms


    
      	Immediate-release oral tablets


      	Oral solution


      	Extended-release oral tablets

    


    Important patient information


    
      	Taking the medicine during or after a meal may help lessen common side-effects that usually happen at the beginning of treatment.


      	Antidiabetic agents should be taken in addition to dietary measures and regular exercises.


      	The response to the therapy should be monitored periodically, along with renal and hepatic function.


      	The use of biguanides can cause lactic acidosis, a serious condition that can lead to death and is a medical emergency. Stop taking the medicine and consult the prescriber immediately when feeling very weak or tired, have unusual muscle pain, difficulty in breathing, unusual sleepiness or sleep longer than usual, unexplained stomach or intestinal problems with nausea and vomiting or diarrhoea, dizzy or lightheadedness, have slow or irregular heartbeat, hypothermia.


      	Alcohol consumption, acute or chronic, should be avoided during the use of biguanides.


      	Patients should be aware of the signs, symptoms and treatment of hypoglycaemia when there are predisposing factors to its development (such as concomitant use of drugs that may lower blood glucose levels).


      	Extended-release tablets should not be chewed or crushed.


      	The inactive ingredients of extended-release tablets may occasionally be eliminated in the faeces and resemble the original tablet.


      	It is important to inform the caregiver when starting a new medication, before surgical or radiological procedures or in cases of severe dehydration, vomiting, diarrhoea or fever. In all these cases, medicine use may have to be stopped.

    


    Substances with INNs*


    benfosformin (29), buformin (17), etoformin (34), metformin (21), metformin glycinate (103), phenformin (10), tiformin (22)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      3. Antihyperglycaemics – sulfonamide derivatives


      gli- – antihyperglycaemic drugs 
 gly (x) – (previously used)

    

    
      A – Alimentary tract and metabolism


      A10 – Drugs used in diabetes


      A10B – Blood glucose-lowering drugs, excluding insulins


      A10BB – Sulfonylureas

    


    Stem


    gli- – antihyperglycaemics


    gly (x) – (previously used)


    Medical substances related to the class


    First-generation sulfonylureas based on chemical structure and not using the gli-/gly- stems, but rather -amide (which is not a stem):


    
      	acetohexamide


      	carbutamide


      	chlorpropamide


      	metahexamide


      	tolazamide 


      	tolbutamide

    


    The first-generation sulfonylureas are rarely used today for the treatment of type 2 diabetes.


    The second-generation of hypoglycaemic sulfonylureas includes:


    
      	glibenclamide


      	glibornuride


      	gliclazide


      	glimepiride


      	glipizide


      	gliquidone


      	glisentide (previously glipentide)


      	glisolamide


      	glisoxepide


      	glybuzole


      	glyclopyramide


      	glycyclamide


      	glymidine sodium

    


    
      Antihyperglycaemics – a summary


      Sulfonylureas are antihyperglycaemic agents that stimulate insulin release by binding to ATP-sensitive potassium channels on pancreatic beta cells. This class includes first-generation (-amide chemical suffix) and second-generation (gli- prefix) agents. Gliclazide is included in WHO's Essential Medicines List.


      These agents reduce HbA1c by 0.8–1.5% but require functioning pancreatic beta cells to be effective. Most show good oral absorption (peak 2–4 hours after ingestion) and extensive protein binding (>90%). They primarily undergo hepatic metabolism via CYP2C9 with renal excretion of metabolites, requiring dosage adjustments in both hepatic and renal impairment.


      Important adverse effects include hypoglycaemia (particularly in elderly people) and weight gain (1–3 kg), reflecting their insulin-secreting mechanism. Several substances have active metabolites, extending their biological effect beyond their plasma half-lives. The class is contraindicated in type 1 diabetes, pregnancy and severe hepatic/renal dysfunction. Long-term cardiovascular effects remain controversial.

    


    WHO’s list of essential medicines


    The sulfonylurea antidiabetic agents are represented by gliclazide in the 23rd WHO Model List of Essential Medicines (published in 2023). It is classified under oral hypoglycaemic agents. None of the agents belonging to this pharmacological group is listed in the 9th Model List of Essential Medicines for Children (published in 2023).


    Main indications*


    
      	Improve the glycaemic control in adults with type 2 diabetes mellitus, as an adjunct to diet and exercise.

    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Off-label uses


    
      	Neonatal diabetes mellitus (glibenclamide)


      	Gestational diabetes mellitus (glibenclamide)

    


    Mechanism of action


    Members of the sulfonylurea antidiabetic class lower blood sugar acutely by inducing the release of insulin from the beta cells of the islets of Langerhans in the pancreas. Sulfonylureas bind to ATP-sensitive potassium (KATP) channels on the beta cells and inhibit their activity. This inhibition leads to a depolarization of the cell membrane, which further results in insulin release. Under long-term administration, the levels of circulating insulin gradually decline, due to downregulation of the sulfonylurea receptors on the beta cells. However, plasma glucose levels are kept reduced. The exact mechanisms allowing for this are not clear but probably involve extrahepatic effects. The efficacy in reducing glycated haemoglobin level (HbA1c) is 0.8–1.5%.


    The described mechanism also explains why the treatment with sulfonylurea antidiabetics may lead to a weight gain. As sulfonylureas require endogenous ability to produce insulin, these agents are not suitable for patients with a pancreatic failure, such as in type 1 diabetes mellitus. In addition, and due to the progressive nature of type 2 diabetes mellitus, the patients may develop a secondary failure: a significant hyperglycaemia in patients, who initially responded to this treatment.


    Another important aspect of the treatment with this pharmacological class is the unclearness regarding the long-term cardiovascular effects of the use. The data regarding the cardiovascular risks and mortality are conflicting. In some of the studies, the use of sulfonylureas was associated with an increased risk for cardiovascular events and mortality.


    However, according to the WHO guidelines for intensification of type 2 diabetes in low-resource setting (2018), this pharmacological group is recommended as a second-line treatment in type 2 diabetes, for patients who did not achieve a glycaemic control with metformin or in patients in whom metformin is contraindicated.


    Adverse reactions


    Hypoglycaemic reaction – This adverse event results from the same mechanism allowing the activity of this pharmacological class. Indeed, hypoglycaemia may result from excessive dosage. But, as multiple factors can lead to hypoglycaemia, it may also occur while using the usual dose. Certain conditions, as the use of more than one glucose-lowering drug, fever, reduced caloric intake, conducting physical exercises without adequate caloric supplementation, alcohol ingestion and others can lead to hypoglycaemia.


    Weight gain – Another common side-effect, which is also derived from the mechanism of action of this class, is the weight gain of 1–3 kg.


    Allergic skin reactions including pruritus, erythema, urticaria and maculopapular eruptions have been documented under the use of sulfonylurea antidiabetics.


    Haematological reactions – Leukopenia, agranulocytosis, thrombocytopenia, haemolytic anaemia, aplastic anaemia, pancytopenia and eosinophilia have been reported with sulfonylureas.


    Hyponatraemia and syndrome of inappropriate antidiuretic hormone (SIADH) secretion – Hyponatraemia have been reported under the use of sulfonylureas, mostly in patients using other medications or who have medical conditions known to cause hyponatraemia or increase the release of antidiuretic hormone. SIADH secretion has also been reported with certain members of this class.


    Gastrointestinal adverse effects include nausea and vomiting, heartburn and epigastric fullness.


    Disulfiram-like reaction – Alcohol-induced flush may occur in patients treated with sulfonylurea.


    Hepatobiliary disorders – Raised hepatic enzyme levels (AST, ALT, alkaline phosphatase) and hepatitis have been documented under the use of sulfonylurea glucose-lowering agents. The treatment should be discontinued if cholestatic jaundice appears. Usually, these symptoms disappear after discontinuation of treatment.


    Common contraindications*


    
      	Type 1 diabetes mellitus


      	Hypersensitivity to the active ingredient, or any of the excipients


      	Diabetic ketoacidosis


      	Significant hepatic or renal insufficiency


      	Pregnancy and lactation

    


    * This is not an exhaustive list of contraindications, while the use is not necessarily forbidden for all the drugs in this therapeutic class.


    Warnings and precautions


    
      	Caution should be used when these medicines are prescribed to patients with renal, hepatic, pituitary or adrenal impairment.


      	During periods of stress (such as fever, infection, surgery or trauma), the addition of insulin may be required.


      	Elderly patients are especially sensitive to the hypoglycaemic effect of sulfonylurea antidiabetic medicines. In the elderly, it may be difficult to recognize the onset of this adverse event, and its effect may be prolonged. The initial and maintenance dosing should be conservative, to avoid hypoglycaemic reactions.


      	In patients with G6PD-deficiency, the treatment with sulfonylurea agents may lead to haemolytic anaemia. Therefore, caution should be used in patients with G6PD-deficiency and a non-sulfonylurea alternative should be considered.

    


    Use in specific populations


    Pregnancy – Diabetes in pregnancy confers a greater risk for the mother and the fetus, including spontaneous abortion, fetal anomalies, pre-eclampsia, stillbirth, macrosomia, and others. According to the American Diabetes Association (ADA) guidelines (2019), insulin is the preferred medication for treating hyperglycaemia in gestational diabetes mellitus (GDM). This is due to the fact that insulin does not cross the placenta to a measurable extent. On the contrary, sulfonylureas are known to cross the placenta, and their long-term safety data are not available. Although glibenclamide is sometimes used off-label for the treatment of GDM, it should not be used as a first-line agent. In addition, prolonged and severe hypoglycaemia has been reported in neonates born to mothers who were receiving a sulfonylurea drug at the time of delivery. This has been reported more frequently with the use of agents with prolonged half-lives. Therefore, when sulfonylurea antihyperglycaemics are used during pregnancy, the treatment should be changed to insulin before the delivery. The time period required to lessen the risk of prolonged hypoglycaemia in the infant depends on the specific agent.


    Nursing mothers – The available data are limited. For most of the sulfonylureas studied, the amounts detected in breast milk were low. As a general rule, short-acting substances are preferred while nursing, to avoid accumulation of the medication. High-protein binding is also preferred in this situation. Although this class of oral medicines exhibits some benefits for the nursing mothers, and some of the agents seem to be compatible with breastfeeding, decisions should be made on an individual basis. The blood sugar levels of the breastfed baby, when the mother is using sulfonylurea, should be monitored as well as symptoms of hypoglycaemia such as jitteriness, excessive sleepiness, poor feeding, seizures cyanosis, apnoea or hypothermia.


    Paediatric patients – The safety and efficacy of this pharmacological class in paediatric populations are not established. The use of glimepiride was investigated in a paediatric population (8–17 years of age) with type 2 diabetes. Following glimepiride treatment, there were no new safety concerns noted in children compared to adult patients with type 2 diabetes mellitus. However, glimepiride did not reduce the baseline of HbA1c as metformin. The results, as the effect on body weight and hypoglycaemia, led to the recommendation not to use it in paediatric patients.


    Glibenclamide is indicated for the treatment of neonatal diabetes by potassium channel disorders.


    According to the ADA guidelines (2020), regarding type 2 diabetes mellitus in children and adolescents, only three drugs are recommended for this age group: metformin, insulin and liraglutide. According to these guidelines, the use of medications not approved for youth with type 2 diabetes is not recommended outside of research trials.


    Geriatric patients – The pharmacokinetic parameters of many sulfonylureas did not differ in a clinically significant manner in elderly patients. Nevertheless, this population is more susceptible to renal or hepatic impairment, and greater sensitivity of some older individuals cannot be ruled out. In addition, it may be difficult to recognize the onset hypoglycaemia in elderly patients, while this adverse event may be prolonged. According to the ADA guidelines (2019), sulfonylureas should be used with caution in older adults. When this pharmacological group is used, shorter-duration agents, such as glipizide, should be preferred. The initial and maintenance dose should be conservative, in order to avoid hypoglycaemic reactions.


    Renal impairment – The metabolites of most sulfonylurea glucose-lowering agents are primarily excreted in the urine. Some of these metabolites may possess a glucose-lowering activity. Therefore, individuals with chronic renal disease are at greater risk of hypoglycaemia while using this pharmacological class. For this population, caution should be exercised with regard to the use of sulfonylurea. A short-acting substance, with inactive metabolites, is preferred.


    Hepatic impairment – Many sulfonylurea glucose-lowering agents undergo hepatic metabolism processes. Therefore, caution should be used when prescribing this class to patients with hepatic impairment. The initial dosing, dose increments, and maintenance dosage should be conservative, and dose reduction may be required. Some of the members of this pharmacological class are contraindicated in severe hepatic impairment.


    Sex – Differences in the exposure to sulfonylureas were not specifically addressed by the regulatory authorities. However, sex differences cannot be ruled out, as bioequivalence studies indicate that women have a higher exposure to glimepiride, compared with men.


    Pharmacokinetics


    Sulfonylurea antidiabetic agents are generally well absorbed from the gastrointestinal tract. The maximal concentration is usually achieved 2–4 hours after ingestion. Food and hyperglycaemia states may moderate the rate and/or the extent of absorption. However, even when the absorption is not altered, it is advised to administer sulfonylurea just prior to or with a meal. This is to reduce the risk of hypoglycaemia in case the meal is delayed or when the caloric intake is insufficient.


    Most sulfonylureas are highly bound to plasma proteins (more than 90% of the drug is bounded). In many cases, these agents undergo hepatic metabolism processes, mediated by cytochrome P450 2C9 (CYP2C9). This makes sulfonylureas vulnerable to drug–drug interactions with CYP2C9 inducers and inhibitors. The metabolites are primarily excreted in the urine (although gliquidone is mainly excreted into faeces. Glibenclamide is an example for an unusual member of this pharmacological class, which is excreted almost evenly in the bile and urine). The involvement of both kidney and liver in the clearance of sulfonylureas requires caution when these agents are prescribed to patients with either renal or hepatic insufficiency.


    The half-lives vary from 1.3 hours for acetohexamide to 36 hours for metahexamide. The plasma half-lives are not always in correlation with the biological effect, which can be prolonged by the presence of active metabolites. For most of this pharmacological group, the effect lasts 12–24 hours, often allowing administering them once or twice per day. When higher doses are required, it is advised to divide them, to reduce the occurrence of gastrointestinal side-effects.


    Some of the substances belonging to this therapeutic group are also available in extended release or as a micronized formulation. This was applied to extend their bioavailability. The different dosage forms may not be bioequivalent, and therefore dose adjustment may be required when switching from one to another. For example, gliclazide modified release 30 mg is considered equivalent in therapeutic effect to the standard formulation of gliclazide 80 mg.


    Drug–drug interactions


    Many medicines can influence the hypoglycaemic effect of sulfonylurea antidiabetic agents, by various mechanisms. Interactions can be of pharmacodynamic nature, which means they affect the pharmacological efficacy and/or the magnitude of side-effects, without changing the plasma drug levels. Interactions can also derive from the pharmacokinetic influence of concomitantly used drugs. This kind of interactions alternates the absorption, distribution, metabolism or excretion of sulfonylureas. The plasma levels of the drug are either increased or reduced, and as a consequence, the glucose levels are altered.


    Drugs that enhance the glucose-lowering effect of sulfonylureas 


    Hypoglycaemic drugs, such as insulin, metformin and other antidiabetic treatments, fluoroquinolone antibiotics, beta-blockers (especially the non-cardio-selective agents), have a synergistic glucose-lowering effect. A dose reduction of the sulfonylurea or the other agent may be necessary.


    Displacements from protein-binding sites – Some drugs (such as warfarin, sulfonamides and salicylates) can displace the sulfonylureas from their protein-binding sites. This results in a transient increase in the concentration of the free drug. Blood glucose monitoring is advised.


    Metabolism of sulfonylureas may be decreased when used with hepatic enzyme inhibitors, such as fibrates, chloramphenicol, sulfonamide, azole antifungals (such as fluconazole and miconazole) and H2 antagonists (such as cimetidine and ranitidine). Dosage adjustments may be necessary.


    Ethanol may enhance the action of sulfonylureas, primarily through the inhibition of gluconeogenesis. It may also indirectly increase endogenous insulin secretion. In addition, the signs of hypoglycaemia may be confused with the signs of alcohol intoxication. On the other hand, excessive consumption of alcohol may also lead to hyperglycaemia. Avoidance of increased alcohol consumption is recommended. Disulfiram-like flushing reactions have been documented when alcohol was consumed concomitantly with sulfonylureas.


    Elevation of gastric pH – Magnesium salts can increase the absorption of sulfonylureas from the gastrointestinal tract. Hypoglycaemia was documented when the medicines were consumed concurrently. Separation of at least one hour between those two pharmacologically different groups allows reducing the occurrence of this side event.


    Drugs that may decrease the glucose-lowering effect of sulfonylureas 


    Drugs that cause hyperglycaemia, such as glucocorticoids, anti-androgens, antiretroviral treatments, second-generation antipsychotics, calcineurin inhibitors and more, may lead to loss of glucose control.


    Inducers of CYP2C9 such as carbamazepine, phenobarbital, rifampicin, ritonavir and St John’s wort may increase the elimination rate of sulfonylurea antidiabetic agents, and therefore result in decreased control of glucose levels.


    Drugs that reduce the absorption of sulfonylureas from the gastrointestinal tract, such as cholestyramine, may lead to loss of diabetic control.


    Administration


    
      	The treatment with glucose-lowering sulfonylureas should be initiated at the lower end of the dose range and titrated upward based on the patient’s glycaemic response.


      	Sulfonylureas with a longer duration of action can be prescribed in a single daily dose.


      	The different agents may be formulated as extended-release or micronized formulations. As the drug formulation may affect the bioavailability, these dosage forms may require different dosing.


      	The pharmacokinetic properties of a specific antidiabetic sulfonylurea may not significantly change according to food administration. However, most of the substances in this class should be taken with food, to avoid the risk of hypoglycaemia.


      	In case a dose of one of these agents is forgotten, the patient should be instructed not to take an additional one to make up on the loss.

    


    Monitoring


    
      	The glycaemic control should be periodically assessed, by monitoring blood glucose levels and glycosylated haemoglobin (HbA1c).


      	Patients should be monitored for the signs and symptoms of hypoglycaemia. The frequency of hypoglycaemic episodes, as well as their occurrence, should be assessed. The patient should also be aware of possible conditions that may lead to hypoglycaemia, such as strenuous physical activity, reduced caloric intake, infections, etc.


      	Renal function should be assessed before the initiation of the treatment. It is also advised to periodically monitor renal function, especially in vulnerable patients.

    


    Overdose


    Toxicity results almost exclusively from hypoglycaemia. The signs of sulfonylurea toxicity may include tremor, diaphoresis, nausea, headache and tachycardia. Nevertheless, it is important to bear in mind that patients with long-standing diabetes may not always exhibit the indicated signs.


    Severe toxicity may result in neurological symptoms, including seizures, altered mental status, delirium, focal neurological effects and coma. In addition, patients are at risk for dysrhythmias. Those with other cardiac conditions are at risk for ischaemic events.


    Activated charcoal can be used for some of the sulfonylureas, but only when the patient presents early and is able to protect the airway. When an excess of the extended-release formulations had been ingested, activated charcoal can be used even several hours after.


    The main objective in sulfonylurea poisoning is to correct hypoglycaemia. Patients with symptomatic hypoglycaemia should be treated with intravenous dextrose. However, excessive dextrose infusions can cause hyperglycaemia, which may stimulate increased secretion of insulin and cause further hypoglycaemia. Patients who are refractory to the standard therapy may benefit from the use of octreotide, a somatostatin analogue that inhibits insulin secretion.


    Dosage forms


    
      	Oral tablets


      	Oral suspension


      	Micronized preparations


      	Sustained-release tablets

    


    Important patient information


    
      	Patients should be aware of the signs and symptoms of hypoglycaemia, and what they should do in the occurrence of such situations.


      	As hypoglycaemia may cause dizziness, patients using sulfonylurea should be cautious while driving or operating heavy machinery.


      	Extended-release tablets should be swallowed whole. The tablets should not be chewed, divided or crushed. The non-dissolvable extended-release drug shell may occasionally appear in the stools.

    


    Substances with INNs*


    gli (x) antihyperglycaemics


    (a) 1. sulfonamide derivatives: gliamilide (33), glibenclamide (18), glibornuride (22), glibutimine (31), glicaramide (28), glicetanile (37), gliclazide (25), (deleted: glidanile (23)), glicondamide (44), glidazamide (24), gliflumide (33), glimepiride (66), glipalamide (62), glipizide (27), gliquidone (28), glisamuride (45), glisentide (58) (previously glipentide (27)), glisindamide (43), glisolamide (43), glisoxepide (24), glybuthiazol (8), glybuzole (15), glyclopyramide (17), glycyclamide (12), glyhexamide (15), glymidine sodium (15), glyoctamide (14), glyparamide (USAN only), glypinamide (13), glyprothiazol (8), glysobuzole (12)


    2. other than sulfonamide derivatives: adomeglivant (115), camiglibose (67), dorzagliatin (116), deriglidole (66), emiglitate (55), fasiglifam (107), firuglipel (116), imeglimin (98), ingliforib (85), isaglidole (61), limiglidole (100), linogliride (48), managlinat dialanetil (96), meglitinide (34), midaglizole (57), miglitol (55), mitiglinide (78), naglivan (65), nateglinide (77), piragliatin (97), pirogliride (40), repaglinide (65), teglicar (91), tibeglisene (64), voglibose (65)


    3. peptide: seglitide (57)


    (b) cromoglicate lisetil (72), cromoglicic acid (18), ioglicic acid (33), ioxaglic acid (37), sulglicotide (29) (treatment of peptic ulcers), tropigline (08)


    (c) acetohexamide (12), butadiazamide (10), carbutamide (36), chlorpropamide (8), heptolamide (12), metahexamide (10), palmoxiric acid (48), thiohexamide (12), tolazamide (12), tolbutamide (6), tolpentamide (12), tolpyrramide (13)


    gly- prior to revision of the General Principles


    (a) glybuthiazol (08), glybuzole (15), glyclopyramide (17), glycyclamide (13), glyhexamide (15), glymidine sodium (15), glyoctamide (14), glypinamide (13), glyprothiazol (08), glysobuzole (12)


    (c) glycerol (4), glycobiarsol (l), glycopyrronium bromide (12)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      4. Dipeptidyl aminopeptidase-IV (DPP-4) inhibitors, antihyperglycaemics


      -gliptin – dipeptidyl aminopeptidase IV (DPP-4) inhibitors

    

    
      A – Alimentary tract and metabolism


      A10 – Drugs used in diabetes


      A10B – Blood glucose-lowering drugs, excluding insulins


      A10BH – Dipeptidyl peptidase 4 (DPP-4) inhibitors

    


    Stem


    gli- – antihyperglycaemics


    Substem


    -gliptin – dipeptidyl aminopeptidase-IV inhibitors


    Medical substances related to the class


    
      	alogliptin


      	anagliptin


      	gemigliptin


      	linagliptin


      	saxagliptin


      	sitagliptin


      	teneligliptin


      	vildagliptin

    


    
      Dipeptidyl aminopeptidase-IV (DPP-4) inhibitors – a summary


      DPP-4 inhibitors (identified by the substem -gliptin) prevent degradation of incretin hormones (GLP-1 and GIP), thereby enhancing insulin secretion and reducing glucagon concentrations. This class includes drugs such as sitagliptin, linagliptin and saxagliptin.


      These agents are divided into peptidomimetic inhibitors (e.g. sitagliptin) and non-peptidomimetic inhibitors (e.g. alogliptin) inhibitors. They reduce HbA1c by 0.5–0.8%, with neutral effects on weight and lipids. Some form noncovalent competitive inhibition (alogliptin, linagliptin, sitagliptin), while others bind covalently (vildagliptin, saxagliptin).


      Pharmacokinetically, they show varying bioavailability (30% linagliptin to 100% alogliptin) and protein binding. Most undergo non-CYP metabolism, except saxagliptin and teneligliptin (CYP3A4/5 substrates). Most require renal dosage adjustment except linagliptin (5% renal excretion).


      Relevant adverse effects include nasopharyngitis, headache, and rarely pancreatitis. Unlike other antidiabetics, they pose low hypoglycaemia risk when used alone and have minimal drug interactions.

    


    WHO’s list of essential medicines


    The dipeptidyl aminopeptidase-IV (DPP-4) inhibitors are represented neither in the 23rd WHO Model List of Essential Medicines nor in the 9th Model List of Essential Medicines for Children (published in 2023).


    Main indications


    
      	Improve the glycaemic control in adult patients with type 2 diabetes mellitus, as an adjunct to diet and exercise. The treatment can be given as a monotherapy or in combination with other antidiabetic treatments (including insulin) when diet, exercise and other antidiabetic agents do not result in adequate glycaemic control.

    


    Mechanism of action


    GLP-1 (glucagon-like peptide) and GIP (glucose-dependent insulinotropic polypeptide) are incretins, gastrointestinal hormones released after food ingestion. In addition to stimulating insulin release, GLP-1 lowers glucagon secretion, delays gastric emptying, and reduces food intake. Although GIP also stimulates insulin secretion, it is less efficient than GLP-1 in reducing glucose levels. Both incretins are inactivated by the serine protease dipeptidyl peptidase-4 (DPP-4). Therefore, medicines that inhibit DPP-4 increase the exposure to GLP-1 and GIP, and lead to increased insulin secretion, reduced glucagon levels, and improvements in both fasting and postprandial hyperglycaemia.


    These drugs can be divided into two main groups: inhibitors that mimic the structure of DPP-4, such as anagliptin, gemigliptin, saxagliptin, sitagliptin and vildagliptin, and substrates, which are non-peptidomimetic, such as alogliptin, linagliptin and teneligliptin.


    Alogliptin, linagliptin and sitagliptin form noncovalent, competitive inhibition of DPP-4, while vildagliptin and saxagliptin bind the enzyme covalently (which may explain why they are taken only 1–2 a day, although their plasma half-life is relatively short).


    All the drugs in this class can lead to a significant elevation of plasma concentrations of active GIP and GLP-1. Used as a monotherapy, DPP-4 inhibitors reduce the A1c levels in type 2 diabetic patients by an average of about 0.5–0.8%. DPP-4 inhibitors exert additive effects, when combined with other antidiabetic treatments as metformin, thiazolidinediones, sulfonylureas and insulin. Their effect on body weight and lipids is neutral.


    Adverse reactions


    Nasopharyngitis, headaches, nausea and vomiting are among the most common adverse effects, as well as upper respiratory infections and constipation.


    Hypoglycaemia – When DPP-4 inhibitors are combined with insulin or other medicines that lead to the secretion of insulin, hypoglycaemia can occur. Dosage reduction of the insulin or the insulin secretagogue may be required to prevent this side-effect. Older patients are more susceptible than younger patients to episodes of hypoglycaemia.


    Pancreatitis (fatal and nonfatal) – The treatment should be discontinued immediately if pancreatitis occurs.


    Hypersensitivity – Severe allergic and hypersensitivity reactions may occur. The treatment should be discontinued immediately in this case.


    Elevations in liver transaminases were associated with the use of DPP-4 inhibitors, especially vildagliptin. Therefore, liver function tests should be performed before initiation of the treatment, and periodically thereafter.


    Joint pain has been reported in the post-marketing reports for DPP-4 inhibitors. Patients experienced relief of symptoms after discontinuation of the treatment. In patients with severe joint pain, discontinuation of therapy should be assessed.


    Skin disorders were reported under the use of DPP-4 inhibitors. As for all patients with diabetes, it is advised to maintain skin care, including monitoring disorders such as blistering, ulceration or rash.


    Common contraindications


    
      	Hypersensitivity to the active substance or to any of the excipients


      	History of a serious hypersensitivity reaction to a DPP-4 inhibitor

    


    Warnings and precautions


    DPP-4 inhibitors are not indicated for patients with type 1 diabetes mellitus or for the treatment of diabetic ketoacidosis. They do not substitute insulin in insulin-requiring patients.


    Due to the increased risk of hypoglycaemia when combining DPP-4 inhibitors with insulin or insulin-secreting agents, a lower dose of the insulin/insulin secretagogue may be considered.


    Hypersensitivity reactions, including anaphylactic reactions, angioedema and exfoliative skin conditions, including Stevens–Johnson syndrome and erythema multiforme, have been observed under the use of DPP-4 inhibitors. When a hypersensitivity reaction is suspected, the treatment should be discontinued. In patients with a history of serious hypersensitivity reaction to one DPP-4, the use of other members of this group is contraindicated.


    The use of DPP-4 inhibitors has been associated with a risk of developing acute pancreatitis. When pancreatitis is suspected, the treatment should be discontinued. If acute pancreatitis is confirmed, treatment should not be restarted. Caution should be exercised in patients with a history of pancreatitis.


    Hepatic effects – Hepatic dysfunction, including hepatic failure, have been reported under the use of DPP-4 inhibitors. Patients should be monitored for possible liver abnormalities. If an abnormality is found and an alternative etiology is not established, treatment discontinuation should be considered.


    Use in specific populations


    Pregnancy – There are no adequate and well-controlled studies in pregnant women, to support the safe use of this class in pregnant women. According to the American Diabetes Association (ADA), insulin is the treatment of choice for the management of type 2 diabetes during pregnancy.


    Nursing mothers – Information regarding the clinical use of DPP-4 inhibitors during lactation is missing. Linagliptin is highly bound to plasma proteins, and therefore the likeliness that it can pass into the breast milk in clinically important amount is low. Saxagliptin has a shorter half-life than the other DPP-4 inhibitors and may be the most compatible with nursing among this drug class. However, other options may be preferred. Monitoring of the breastfed infant's blood glucose is advisable during maternal therapy with -gliptins.


    Paediatric use – The safety and efficacy of DPP-4 inhibitors in paediatric populations and adolescents have not been established. The information regarding the use of this therapeutic drug class among patients younger than 18 years is sparse. Alogliptin and linagliptin were assessed in limited paediatric populations, producing efficacy profile which is similar to the profile in adults, without special safety concerns. Yet, it is important to bear in mind that according to the ADA guidelines (2020), regarding type 2 diabetes mellitus in children and adolescents, only three drugs are recommended for this age group: metformin, insulin and liraglutide.


    Geriatric patients – Clinically significant differences in the responses to the treatment were not identified between elderly and younger patients, and dosage adjustment is not required based solely on age. However, greater sensitivity of some older individuals cannot be ruled out. Many DPP-4 inhibitors have significant renal excretion. Since elderly patients are more likely to have decreased renal function, care should be taken in dose selection in the elderly.


    Renal impairment – Many DPP-4 inhibitors have a significant renal elimination (alogliptin, sitagliptin and vildagliptin are mainly excreted in the urine. Anagliptin, gemigliptin, teneligliptin and saxagliptin are eliminated both via renal and hepatic routes). Dose adjustment may be indicated in case the patient has a renal disease. Only 5% of the dose of linagliptin is excreted in the urine, and therefore no dose adjustment is needed for this drug when treating a patient with renal insufficiency.


    Hepatic impairment – Hepatic metabolism is not a major elimination route of the DPP-4 inhibitors. Therefore, hepatic insufficiency seems not to have a clinically meaningful impact on the pharmacokinetics of most DPP-4 inhibitors. No dose adjustment is required in patients with a mild-to-moderate hepatic insufficiency, although caution should be exercised. The usage is not recommended in case of severe hepatic impairment. Saxagliptin and vildagliptin are not recommended for patients with hepatic insufficiency or when the pretreatment levels of alanine aminotransferase or aspartate aminotransferase are greater than 3-times the upper limit of normal (ULN).


    Sex – No dosage adjustment is necessary based on gender. Gender had no clinically meaningful effect on the pharmacokinetics of DPP-4 inhibitors.


    Pharmacokinetics


    The oral bioavailability of the different DPP-4 inhibitors is varied, from 30% for linagliptin to 100% for alogliptin. The half-life time is also variable, from 2.5 hours for saxagliptin to more than 100 hours for linagliptin. However, most drugs in this class are taken once daily (anagliptin is taken twice daily, while vildagliptin is taken in two separate doses when the 100-mg daily dose is used). Food does not have a clinically significant influence on the pharmacokinetics of this drug class, and therefore all the different DPP-4 inhibitors may be taken without regard to food.


    Apart from linagliptin and teneligliptin, DPP-4 inhibitors are not highly bounded to plasma proteins.


    Although anagliptin, gemigliptin, linagliptin, teneligliptin, saxagliptin, sitagliptin and vildagliptin undergo metabolism processes, the CYP system plays a major role only for saxagliptin and teneligliptin. The major metabolite, derived from cytochrome P450 (CYP) 3A4/5 activity, is also a DPP-4 inhibitor. Vildagliptin undergoes extensive hepatic metabolism, mainly hydrolysis in a CYP450 independent manner.


    None of the -gliptins or their metabolites are significant inhibitors or inducers of the CYP system. Therefore, the potential for drug interactions arising from CYP induction or inhibition is low. However, caution should be taken, especially in the presence of strong CYP inducers or inhibitors.


    As a group, most DPP-4 inhibitors have significant renal excretion: anagliptin, alogliptin, sitagliptin and vildagliptin are mainly excreted in the urine. Gemigliptin, saxagliptin and teneligliptin are eliminated both via renal and hepatic routes. As a result, dose adjustment may be indicated in case the patient has a renal disease. Only 5% of the dose of linagliptin is excreted in the urine, and therefore no dose adjustment is needed for this drug when treating a patient with renal insufficiency.


    Clinically significant differences in the pharmacokinetics, justifying modification of the dose were not found between different ethnic groups or between man and woman. Age was not found to be an independent factor influencing the pharmacokinetics. Therefore, dose reduction is not required based solely on age.


    Drug–drug interactions


    In general, DPP-4 inhibitors pose a relatively low risk of drug interaction. This may be advantageous in patients with complex drug regimens. Medicines in this class are not related to a significant and meaningful modification (induction or inhibition) of cytochrome P450 (CYP) activity. Saxagliptin is a CYP3A4/5 substrate. Its concurrent use with a CYP3A4/5 inducer may result in decreased plasma concentration of the active substance and increased concentration of its major metabolite. Glycaemic control should be carefully assessed in this situation. Sitagliptin is a CYP3A4 substrate. Potent CYP3A4 inhibitors (such as ketoconazole, itraconazole, ritonavir, clarithromycin) could alter its pharmacokinetics in patients with severe renal impairment or end-stage renal disease. In addition, sitagliptin is a substrate for P-glycoprotein (P-gp) and organic anion transporter-3 (OAT3). OAT3-mediated transport of sitagliptin was inhibited in vitro by probenecid, although the risk of clinically meaningful interactions is considered low.


    There was a slight increase in the exposure to digoxin and its mean peak drug concentration when co-administrated with sitagliptin. Patients receiving digoxin should be monitored appropriately.


    Linagliptin is also a CYP3A4 substrate, and a weak competitive inhibitor of CYP3A4. It is also a P-gp substrate, which inhibits P-gp-mediated transport of digoxin with low potency. However, linagliptin is considered unlikely to cause interactions with other P-gp substrates.


    Caution should be exercised when a DPP-4 inhibitor is used in combination with other antidiabetic medicines. When combined with insulin or medicines that lead to its secretion, hypoglycaemia may occur. An increased risk of hypoglycaemia has been observed when metformin, thiazolidinedione and a DPP-4 inhibitor were used concurrently. In case of hypoglycaemia, a lower dose of thiazolidinedione or metformin may be considered. Older patients are more susceptible than younger patients to episodes of hypoglycaemia.


    Administration


    Food does not have a clinically significant influence on the pharmacokinetics of DPP-4 inhibitors, and therefore, all the drugs in this class may be taken without regard to food.


    When a DPP-4 inhibitor is used in combination with a sulfonylurea or insulin, a lower dose of the sulfonylureas or insulin may be considered to reduce the risk of hypoglycaemia.


    Monitoring


    
      	Glycated haemoglobin levels (haemoglobin A1c, or HbA1c) should be periodically monitored, to assess the efficacy of the treatment.


      	Appropriate assessment of renal function is recommended before initiation of the treatment and periodically thereafter.


      	Liver function tests should be performed before and periodically during the treatment with DPP-4 inhibitors.


      	The signs and symptoms of pancreatitis should be monitored.

    


    Overdose


    Appropriate measures, such as removal of unabsorbed drug, clinical monitoring and supportive therapy should be employed in accordance with the patient’s status. Saxagliptin and its major metabolite can be removed by haemodialysis, while sitagliptin is modestly dialysable. Haemodialysis is only of little clinical benefit in overdose of alogliptin, gemigliptin, linagliptin and vildagliptin.


    Dosage forms


    
      	Oral tablets

    


    Important patient information


    
      	The treatment with DPP-4 inhibitors is an adjunct to diet and exercise, to improve glycaemic control in adult patients. Patients should be aware of the importance of adherence to dietary instructions, regular physical activity, periodic blood glucose monitoring and glycated haemoglobin testing, recognition and management of hypoglycaemia and hyperglycaemia, and assessment for diabetes complications.


      	Patients should be informed of the characteristic symptom of acute pancreatitis: persistent and severe abdominal pain, which may radiate to the back.


      	Patients should be informed about the symptoms of allergic reactions (such as skin rash, hives, swelling of the face, lips, tongue or throat), and instructed to discontinue the use of the drug and seek medical advice promptly.


      	Patients should be informed that if signs or symptoms of liver injury occur, they should stop using the drug and seek medical advice promptly.


      	Hypoglycaemia can occur under the use of DPP-4 inhibitors, particularly when an insulin secretagogue or insulin is used concurrently. The patients should be informed about the risks, symptoms and appropriate management.

    


    Substances with INNs*


    alogliptin (96), anagliptin (103), bisegliptin (103), carmegliptin (98), cofrogliptin (127), denagliptin (94), dutogliptin (100), evogliptin (107), garvagliptin (117), gemigliptin (103), gosogliptin (101), linagliptin (99), melogliptin (99), omarigliptin (107), prusogliptin (124), saxagliptin (92), sitagliptin (94), teneligliptin (99), trelagliptin (106), vildagliptin (90)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      5. Glucagon-like peptide-1 (GLP-1) receptor agonists


      -glutide – glucagon-like peptide (GLP) analogues

    

    
      A – Alimentary tract and metabolism


      A10 – Drugs used in diabetes


      A10B – Blood glucose-lowering drugs, excluding insulins


      A10BJ – Glucagon-like peptide-1 (GLP-1) analogues

    


    Stem


    -tide – peptides and glycopeptides


    Substem


    -glutide – glucagon-like peptide (GLP) analogues


    Medical substances related to the class


    GLP-1 analogues in which the substem -glutide is used:


    
      	albiglutide


      	dulaglutide


      	liraglutide


      	semaglutide

    


    GLP-1 analogues in which the stem -tide is used:


    
      	exenatide


      	lixisenatide

    


    
      Glucagon-like peptide-1 (GLP-1) receptor agonists – a summary


      GLP-1 receptor agonists are peptide substances that mimic incretin hormones, enhancing insulin secretion and reducing glucagon concentrations while delaying gastric emptying and reducing food intake. This class includes modified human GLP-1 analogues (identified by the substem -glutide, e.g. liraglutide) and exendin-4 derivatives (stem -tide, e.g. exenatide).


      These agents differ primarily in duration: short-acting (exenatide twice-daily, liraglutide daily) versus long-acting (albiglutide, dulaglutide, semaglutide weekly). They reduce HbA1c by 0.5–0.8%, with the additional benefit of weight loss. Semaglutide uniquely offers both injectable and oral formulations, though oral bioavailability is only 0.4–1%.


      The main adverse effects are gastrointestinal (nausea, vomiting). Unlike many antidiabetics, they carry low hypoglycaemia risk when used alone. Key monitoring includes renal function, as gastrointestinal effects may cause dehydration. Most require no dosage adjustment in renal impairment, as they undergo primarily proteolytic degradation rather than renal clearance.

    


    WHO’s list of essential medicines


    The GLP analogues are represented neither in the 23rd WHO Model List of Essential Medicines, nor in the 9th Model List of Essential Medicines for Children (both were published in 2023).


    Main indications*


    
      	Treatment of type 2 diabetes mellitus, in order to improve the glycaemic control, as an adjunct to diet and exercise. The treatment can be given as a monotherapy or in combination with insulin and other antidiabetic treatments (including insulin) when diet, exercise and other antidiabetic agents do not result in adequate glycaemic control. Usually, GLP-1 receptor agonists are administered in addition to metformin, which is the first-line treatment. But they are also prescribed as a monotherapy when metformin cannot be used.


      	Chronic weight management, as an adjunct to a reduced-calorie diet and increased physical activity in individuals with a body mass index (BMI) of 30 kg/m2 or more, or individuals with BMI of 27 kg/m2 or more in the presence of at least one weight-related comorbidity.

    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Off-label uses


    
      	Exenatide was granted the designation of an orphan drug for the treatment of idiopathic intracranial hypertension.

    


    Mechanism of action


    GLP-1 is an incretin, a gastrointestinal hormone released after food ingestion. In addition to stimulating insulin release, GLP-1 lowers glucagon secretion, delays gastric emptying, and reduces food intake.


    Albiglutide, dulaglutide, liraglutide, semaglutide, exenatide and lixisenatide mimic GLP-1, and therefore lead to increased insulin secretion, reduced glucagon levels, and improvements in both fasting and postprandial hyperglycaemia. The glycaemic control is improved by reducing fasting and postprandial glucose concentrations. Since the effect of GLP-1 analogues is glucose-dependent, this drug class is associated with a lower risk for hypoglycaemia, compared to insulin or insulin-secreting agents.


    GLP-1 activity in the central nervous system affects food intake and gastric emptying but is also related to side-effects such as nausea. This pharmacological family is also characterized by its ability to reduce body weight, probably through the reduced gastrointestinal motility and the promotion of feelings of satiety. Some of the substances in this pharmacological class have been shown to improve cardiovascular outcomes.


    The endogenous GLP-1 is quickly degraded by DPP-4. To extend the half-life and mimic the activity of the natural peptide, two approaches were used – dividing substances belonging to this class into two groups: exendin-4 derivatives (which originally derives from the venom of Gila monster), such as exenatide and lixisenatide; and modified human GLP-1, such as albiglutide, dulaglutide, liraglutide and semaglutide.


    Adverse reactions


    The main adverse events related to GLP-1 receptor agonists are gastrointestinal (such as nausea and vomiting, diarrhoea, dyspepsia and constipation). These side-effects tend to improve over time. To decrease the incidence, the treatment with some of the agents is initiated at a lower starting dose. Other common side-effects are headache and injection-site reactions.


    Hypoglycaemia – Although GLP-1 receptor agonists are associated with a relatively low risk for hypoglycaemia, it is still a possible side-effect of the treatment, especially when it is given concurrently with a sulfonylurea or insulin. This risk can be lowered by reducing the dose of sulfonylurea or insulin when initiating treatment with a GLP-1 receptor agonist.


    Pancreatitis was reported under the use of GLP-1 receptor agonists. Patients should be informed of the symptoms of acute pancreatitis. When pancreatitis is suspected, the treatment should be discontinued.


    Immunogenicity – Patients may develop antibodies to GLP-1 receptor agonists, which may be associated with an attenuated glycaemic response. When glycaemic control is not achieved or is deteriorated, alternative therapy should be considered.


    Common contraindications


    
      	Serious hypersensitivity to the active ingredient or to any of the components

    


    Warnings and precautions


    GLP-1 receptor agonists are not recommended as a first-line therapy.


    GLP-1 receptor agonists are not indicated for the treatment of type 1 diabetes mellitus or diabetic ketoacidosis.


    Hypoglycaemia – The combination of GLP-1 receptor agonists and a sulfonylurea or insulin may increase the risk of hypoglycaemia. This risk can be lowered by reducing the dose of sulfonylurea or insulin when initiating treatment with a GLP-1 analogue.


    Renal impairment – Caution should be exercised when using GLP-1 receptor agonists in patients with renal impairment. Acute renal impairment and worsening of chronic renal failure have been reported in patients treated with GLP-1 receptor agonists. Many of these events occurred in patients who experienced gastrointestinal reactions such as nausea, vomiting, diarrhoea and dehydration. Therefore, renal function should be monitored when treatment is initiated, when the dose is escalated, and in patients reporting severe gastrointestinal reactions.


    Pancreatitis – There is a possible association between the treatment with GLP-1 receptor agonists and acute pancreatitis. Therefore, this drug class should be used with caution in people with a history or predisposition to pancreatitis. Patients should be informed of the signs and symptoms of acute pancreatitis.


    Thyroid cancer – Concerns have been raised, whether the use of GLP-1 receptor agonists may increase the risk for thyroid cancer. Although there is no established clinical association, according to some regulatory authorities (such as US FDA), some GLP-1 agonists are contraindicated in patients with a history of medullary thyroid carcinoma, or in patients with multiple endocrine neoplasia syndrome type 2.


    Gastrointestinal adverse reactions may be associated with the use of GLP-1 receptor agonists. Therefore, their use is not recommended in patients with severe gastrointestinal diseases. When treating patients with impaired renal function, this may cause dehydration and lead to a deterioration in renal function.


    Hypersensitivity reactions – Serious hypersensitivity reactions such as anaphylaxis and angioedema have been reported under the use of this pharmacological class. Caution should be used when treating patients with previous reactions to other GLP-1 receptor agonists. Allergic reactions should be monitored. If hypersensitivity reactions occur, the use should be discontinued.


    Congestive heart failure – The experience in patients with congestive heart failure is limited.


    Using both insulin and GLP-1 receptor agonists – This was noted particularly after discontinuation of the insulin or its rapid dose reduction. Dose reduction of insulin should be done in a stepwise manner with careful monitoring of blood glucose, particularly when GLP-1 receptor agonist therapy is initiated.


    Use in specific populations


    Pregnancy – The data regarding the safety and efficacy of GLP-1 receptor agonists in pregnancy are sparse, and therefore, these agents cannot be recommended. Women of childbearing age should use effective contraception during treatment. The drug of choice for the management of diabetes during pregnancy is insulin.


    Nursing mothers – The information available, regarding the use of GLP-1 receptor agonists while breastfeeding, is insufficient. As GLP-1 receptor agonists are large peptide molecules, their amount in milk is likely to be low. Furthermore, their absorption is unlikely, since they are probably destroyed in the infant's gastrointestinal tract. However, this pharmacological drug class should be used with caution during breastfeeding, until more data become available. Alternative options may be preferred, especially, while nursing a newborn or a preterm infant.


    Paediatric use – Liraglutide is approved for children aged 10 years and older to improve the glycaemic control in type 2 diabetes. The risk of hypoglycaemia was higher in paediatric populations. According to the ADA Diabetes Care guideline 2020, metformin and insulin are the first choice for treating type 2 diabetes in children and adolescents. When the glycaemic targets are not met with metformin (with or without basal insulin) in children aged 10 years or older, liraglutide could be considered.


    Geriatric patients – No overall differences regarding the safety or efficacy of GLP-1 receptor agonists were found in geriatric populations, and no dose adjustment is required based solely on age. However, greater sensitivity of some older individuals cannot be ruled out. As older persons are more likely to have decreased renal function, caution should be exercised. In addition, special attention should be paid to the route of administration. Since most GLP-1 receptor agonists should be injected, their administration requires appropriate visual, motor and cognitive capabilities.


    Renal impairment – Dose adjustment is not necessary in mild and moderate renal failure (glomerular filtration rate of 30 mL/min/1.73 m2 and above). Some of the drugs in this class can also be used in severe renal failure, depending on the regulatory authority and the specific agent. However, caution should be used, as the treatment may induce vomiting with subsequent hypovolaemia, leading to worsen renal function.


    Hepatic impairment – The pharmacokinetic parameters of most GLP-1 receptor agonists were not altered in a clinically relevant manner when used in people with hepatic impairment. Therefore, no dose adjustment is recommended. However, caution should be used when treating patients with hepatic impairment, because the clinical experience is limited.


    Sex – No clinically meaningful effect of gender on the pharmacokinetics of clearance was found.


    Ethnicity – No clinically meaningful effect of ethnicity on clearance pharmacokinetics was found.


    Pharmacokinetics


    As the endogenous GLP-1 is quickly degraded by DPP-4, it has a short half-life. In order to resist degradation and increase the half-life, modifications had been introduced to the native amino acid sequence. Other modifications are made to reduce the immunogenicity of the peptide, increase its solubility or reduce renal clearance. All GLP-1 receptor agonists are administered as a subcutaneous injection, except for semaglutide, which can also be administered in an oral formulation.


    The oral formulation of semaglutide is absorbed from the stomach and reaches its maximal concentration within one hour. It needs to be taken on an empty stomach (30 minutes before a meal). However, its bioavailability following oral administration is only 0.4–1%. It is important to emphasize that the oral and subcutaneous formulations differ greatly in their bioavailability. In accordance, the initial dose of oral semaglutide is 3 mg once daily, while the subcutaneous injection is administered once weekly, at a starting dose of 0.25 mg.


    The exendin-4 derivatives, exenatide and lixisenatide reach their maximal concentration 1–3 hours after the administration. The modified human GLP-1 receptor agonists reach their peak between 8–12 hours (liraglutide) and 3–5 days (albiglutide), with dulaglutide and semaglutide (subcutaneous) arriving their maxima between 1 and 3 days. The exendin-4 derivatives should be taken 1 hour before the main meals of the day.


    As all GLP-1 receptor agonists are peptides, they are significantly eliminated by proteolysis. The smaller peptides (below 5000 daltons), exenatide and lixisenatide, undergo glomerular filtration. Liraglutide and semaglutide are also small peptides, but their renal clearance is less significant, due to massive protein binding. None of the GLP-1 receptor agonists requires dose adjustment in mild or moderate renal failure (glomerular filtration rate equal to or higher than 30 mL/min/1.73 m2). Some of the drugs in this class can also be used in severe renal failure, depending on the regulatory authority and the specific agent.


    The exendin-4 derivatives, exenatide and lixisenatide, have the shortest half-life (2.4 and 3 hours, respectively). The modified human GLP-1 receptor agonists – albiglutide, dulaglutide, liraglutide, semaglutide – exert longer half-life, from 13 hours for liraglutide to 1 week for semaglutide. Subsequently, GLP-1 receptor agonists can be divided, according to the duration of their activity and the resulting frequency of administration: short-acting analogues such as exenatide (twice daily) and liraglutide (once daily) versus the longer-acting lixisenatide (once daily). Albiglutide, dulaglutide, semaglutide and exenatide (which is also used in a once weekly formulation).


    For most of the drugs in this class, no clinically relevant change in the pharmacokinetics was observed in patients with hepatic impairment. Therefore, no dose adjustment is recommended, but, as the clinical experience in this patients group is limited, caution should be used.


    Drug–drug interactions


    As GLP-1 receptor agonists delay the gastric emptying, they may influence the pharmacokinetics of orally administered medications, especially those requiring rapid gastrointestinal absorption and medicinal products with a narrow therapeutic index.


    Antidiabetic medications – The combination of GLP receptor agonists with insulin or medicines, which lead to its secretion, increases the risk for hypoglycaemia. Therefore, caution should be exercised when a GLP-1 receptor agonist is used in combination with other antidiabetic medications.


    Medicines with a narrow therapeutic ratio or products that require careful clinical monitoring – GLP-1 receptor agonists delay the gastric emptying, and therefore they may alter the pharmacokinetics of medications which are being taken concomitantly. When a short-acting GLP-1 receptor agonist (exenatide and lixisenatide) is taken concomitantly with a medicinal product with a narrow therapeutic ratio, close monitoring should be done. When these substances are supposed to be administered with food, they should be taken during the meals in which the GLP-1 receptor agonist is not administered. Oral products that are dependent on threshold concentrations, such as antibiotics, should be taken at least 1 hour before or 4 hours after the injection of the GLP-1 receptor agonist.


    Warfarin – Increased INR (international normalized ratio) was reported when warfarin and exenatide were used concomitantly. The INR should therefore be monitored frequently when warfarin and a GLP-1 receptor agonist are used concurrently, especially upon initiation, discontinuation or dose attenuations.


    Administration


    
      	GLP-1 receptor agonists are intended for self-administration by subcutaneous injection. They should be injected in the abdomen, thigh or upper arm region. GLP-1 receptor agonists must not be administered intravenously or intramuscularly.


      	When using a GLP-1 receptor agonist with insulin, these agents should never be mixed, but administered as a separate injection.


      	The day of weekly administration can be changed, if necessary, as long as a minimal interval is kept between two doses (the time between doses varies for different substances).


      	GLP-1 receptor agonists have been studied in combination with some other glucose-lowering medicines and can be used concurrently with other antidiabetic treatments. The safety and efficacy of the combination should be verified for specific agents, before initiating the treatment. The combination of a GLP-1 receptor agonist with a DPP-4 inhibitor is not recommended, due to the duplication in mechanism of action and lack of clinical experience with this combination.

    


    Monitoring


    
      	The diabetic control under all glucose-lowering therapies should be assessed periodically, monitoring the levels of blood glucose and glycated haemoglobin. The use of GLP-1 receptor agonists does not require self-monitoring of blood glucose. When it is used in combination with insulin or an insulin-secreting agent (such as sulfonylurea), self-monitoring may become necessary, in order to adjust the dose of the insulin or the secretagogue.


      	Renal function, exerted by serum creatinine and creatinine clearance, should be evaluated. This is of special importance in patients with renal impairment, reporting severe gastrointestinal events.


      	Patients and caregivers should be informed of the characteristic signs and symptoms of pancreatitis.


      	Patients should be informed of the characteristic signs and symptoms of hypersensitivity.


      	Body weight.

    


    Overdose


    Effects of overdose with GLP-1 receptor agonists included severe nausea, severe vomiting and hypoglycaemia (sometimes requiring parenteral glucose administration). In the event of overdose, appropriate supportive treatment should be initiated according to the patient's clinical signs and symptoms. The patient should be observed for clinical signs of dehydration and blood glucose should be monitored.


    Dosage forms


    
      	Vials or pens for subcutaneous injection


      	Oral tablets

    


    Important patient information


    
      	Intended for self-administration. Before initiation of the treatment, the patients should be trained by their health-care professional.


      	GLP-1 receptor agonists are administered as a subcutaneous (SC) injection in the abdomen, thigh, or upper arm region. They must not be administered intravenously or intramuscularly.


      	It is advised to use a different injection site when injecting in the same region.


      	When a dose is missed, an additional one should not be administered to make up for the loss. The consideration whether to take this dose or skip it should depend on the specific formulation, the time passed since the last dose, and the possibility to administer the medicine with the usual regard to meals. The prescribing information should be consulted, as the instructions vary between different products.


      	The day of weekly administration can be changed, if necessary, as long as the preceding dose was administered sufficiently long time before the following dose (the minimal period depends on the specific substance and regulatory authority).


      	Hypoglycaemia may happen under the use of GLP-1 receptor agonists, particularly when an insulin or an insulin secretagogue is used concurrently. The patients should be informed about the risks, symptoms and appropriate management. As hypoglycaemia may influence the ability to drive or use machines, patients should be advised to take precautions to avoid this situation.


      	Patients and caregivers should be informed of the characteristic symptom of acute pancreatitis: persistent and severe abdominal pain, which may radiate to the back.


      	GLP-1 receptor agonists should be stored in the refrigerator at 36 °F to 46 °F / 2 °C to 8 °C. Once used, they can be kept at room temperature for a limited period of time (depending on the specific formulation).


      	GLP-1 receptor agonists cannot be frozen or used if they have been frozen. They should be protected from light.


      	The US FDA has issued a warning, regarding a possible correlation between the use of GLP-1 receptor agonists and benign and malignant thyroid C-cell tumours in rats. The human relevance of this finding has not been determined. Patients should be counselled to report to their physician symptoms of thyroid tumours (such as a lump in the neck, hoarseness, dysphagia or dyspnoea).


      	Needles or syringes should not be reused or shared. The injection needle should be discarded after injection. The pen should be stored without an injection needle attached, as this may lead to needles blockade, contamination, infection, leakage of solution and inaccurate dosing. The needles, along as other waste material, should be disposed of in accordance with local requirements.

    


    Annex: GLP-2 analogues in which the substem -glutide is used:


    
      	teduglutide

    


    GLP-2 analogues are also using the substem -glutide. However, their mechanism of action and pharmacological effects are different.


    Currently, teduglutide is the only approved GLP-2 analogue. It was launched in 2013 for the treatment of short bowel syndrome (SBS) in patients dependant on parenteral support. It is used to improve the intestinal absorption and reduce parenteral support requirements in this group of patients. Along with other GLP-2 analogues, teduglutide was investigated for some other gastrointestinal indications.


    GLP-2 is a peptide, secreted into the distal ileum and the proximal colon in response to nutrients. It inhibits the gastric acid secretion, reduces intestinal motility, increases intestinal and portal blood flow, and stimulates mucosal growth. Teduglutide differs from the natural GLP-2 in one amino acid, a modification which extends the elimination half-life.


    This peptide is supposed to be metabolized by proteolysis, followed by renal elimination. Renal impairment is associated with increased teduglutide exposure. Therefore, a dose reduction is indicated in patients with moderate and severe renal impairment and in end-stage renal disease.


    The most common adverse reactions reported following the use of teduglutide were abdominal pain, injection site reactions, nausea, headache, abdominal distension, and upper respiratory tract infections. The use is contraindicated in case of hypersensitivity to the active substance or to any of the excipients, when there is an active or suspected malignancy, and in patients with a history of malignancies in the gastrointestinal tract.


    Clinical drug–drug interaction studies have not been conducted, although it is possible that GLP-2 analogues may increase the absorption of medicines taken concurrently. When patients are receiving oral medicines with a narrow therapeutic index, their levels and pharmacodynamic effect should be monitored closely.


    The discontinuation of the treatment may alter the balance between fluids and electrolytes. To avoid imbalance, the fluid and electrolytes status should be monitored in patients discontinuing the treatment.


    Substances with INNs*


    -glutide – glucagon-like peptide (GLP) analogues and agonists


    albiglutide (97), apraglutide (120), beinaglutide (117), dulaglutide (103), ecnoglutide (126), elsiglutide (104), froniglutide (127), glepaglutide (116), liraglutide (87), maridebart cafraglutide (128), semaglutide (101), taspoglutide (99), teduglutide (90), utreglutide (126)


    -enatide – glucagon-like peptide-1 receptor (GLP1R) agonists, exenatide (exendin-4) and analogues


    (a) albenatide (114), efpeglenatide (111), exenatide (89), langlenatide (111), lixisenatide (99), pegloxenatide (125), pegsebrenatide (127), pegloxenatide (125), vurolenatide (126)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      6. Sodium–glucose co-transporter 2 (SGLT2) inhibitors


      flozin – sodium–glucose co-transporter inhibitors, phlorizin derivatives

    

    
      A – Alimentary tract and metabolism


      A10 – Drugs used in diabetes


      A10B – Blood glucose-lowering drugs, excluding insulins


      A10BK – Sodium–glucose co-transporter 2 (SGLT2) inhibitors

    


    Stem


    gli – antihyperglycaemic drugs


    Substem


    gliflozin – sodium–glucose co-transporter inhibitors, phlorizin derivatives


    Medical substances related to the class


    
      	canagliflozin


      	dapagliflozin


      	empagliflozin


      	ertugliflozin


      	ipragliflozin


      	luseogliflozin


      	sotagliflozin


      	tofogliflozin

    


    
      Sodium–glucose co-transporter 2 (SGLT2) inhibitors – a summary


      SGLT2 inhibitors (identified by substem -gli-flozin) are antihyperglycaemic agents that block the sodium–glucose co-transporter 2 in renal proximal tubules, promoting urinary glucose excretion. This class includes medicines such as canagliflozin, dapagliflozin and empagliflozin.


      These agents vary in SGLT2 selectivity (tofogliflozin highest at 3000-fold, canagliflozin lowest at 250-fold vs SGLT1). They reduce HbA1c by 0.5–1%, with additional benefits of weight loss (2–3 kg) and blood pressure reduction (2–4 mmHg) through osmotic diuresis.


      Pharmacokinetically, they share high oral bioavailability (>65%), extensive protein binding (~90%), and long half-lives enabling once-daily dosing. Most undergo glucuronidation except tofogliflozin (CYP metabolism).


      Relevant adverse reactions include genitourinary infections, volume depletion, and rarely diabetic ketoacidosis (which may be euglycaemic). Efficacy decreases with declining renal function, contraindicating use in severe renal impairment (eGFR <45 mL/min/1.73 m²). Some agents carry specific risks: canagliflozin (amputation risk) and dapagliflozin (bladder cancer signals).

    


    WHO’s list of essential medicines


    Empagliflozin was added in 2021 to the WHO Model List of Essential Medicines for the treatment of type 2 diabetes mellitus; canagliflozin and dapagliflozin are also listed as therapeutic equivalents for empagliflozin.


    Main indications*


    
      	To improve glycaemic control in adults with type 2 diabetes mellitus, as an adjunct to diet and exercise.


      	To reduce the risk of cardiovascular mortality in adults with type 2 diabetes mellitus and established cardiovascular disease.


      	Treatment of type 1 diabetes mellitus, as an adjunct to insulin, in patients who are insufficiently controlled by insulin despite an optimal therapy.


      	Treatment of heart failure with reduced ejection fraction (dapagliflozin, European Union, United States of America).

    


    * Not all the indications are approved for all the drugs in the therapeutic class, and by all the regulatory authorities.


    Mechanism of action


    Glucose is filtered in the renal glomerulus and reabsorbed in the proximal segment of the renal tubule. This reabsorption is mediated by sodium–glucose co-transporter 2 (SGLT2), which uses sodium flux through the tubular epithelial cells to move glucose from the tubular lumen against the concentration gradient. In physiological conditions, glycosuria (urinary excretion of glucose) happens only when the renal tubules reabsorption capacity (Tmax) is exceeded. SGLT2 inhibitors block the co-transporter, and therefore promote sodium and glucose urinary loss. As a result, blood glucose concentration falls.


    In individuals with normal glucose tolerance, the activity of SGLT2 accounts for 80–90% of glucose renal reabsorption. The remainder is recovered more distally in the proximal tubule, by sodium–glucose cotransporter 1 (SGLT1). However, SGLT1 usually does not work at full capacity, and inhibition of SGLT2 allows SGLT1 to work at an increased rate. Increased SGLT1 activity is therefore responsible for the fact that blood glucose concentrations are reduced to a lesser extent than would be expected from the reduced activity of SGLT2.


    The different agents vary in their selectivity for SGLT2. Canagliflozin and ipragliflozin are the least selective SGLT2 inhibitors, with a selectivity of 250- and 254-fold (respectively) towards SGLT2 over SGLT1. Tofogliflozin is the most selective agent, with 3000-fold inhibition of SGLT2. Sotagliflozin is a dual inhibitor of both SGLT1 and SGLT2, approved for the treatment of type 1 diabetes mellitus, in addition to insulin.


    Urinary loss of glucose leads to a reduction in body weight. This may be an advantage over insulin and insulin secretagogue drugs, which increase body weight. Urinary glucose excretion may also result in an increase in urine osmolarity and urine volume, through osmotic diuresis. The loss of sodium and body fluid volume may also result in a reduction in blood pressure. The decrease in body fluid volume may thereby lead to an increase in some measurements, such as blood urea nitrogen, haematocrit, haemoglobin and erythrocyte count.


    SGLT2 inhibitors reduce the concentration of glycated haemoglobin (HbA1c) by about 0.5–1%. The losses of glucose and sodium cause modest weight loss of 2–3 kg, and a reduction in systolic blood pressure by 2–4 mmHg. As SGLT2 inhibitors depend on the rate of glucose filtration to be effective, their efficacy is reduced when kidney function is impaired.


    Adverse reactions


    The most common adverse reactions are hypoglycaemia, hypovolaemia, genitourinary reactions (such as polyuria or pollakiuria, urinary tract infections, and genital mycotic infections), gastrointestinal reactions (such as constipation, thirst and nausea), and changes in serum lipids.


    Hypoglycaemia – SGLT2 inhibitors do not cause hypoglycaemia when taken as a monotherapy. However, they may increase the likelihood of hypoglycaemia when taken concurrently with other hypoglycaemic drugs.


    Genitourinary infections – SGLT2 inhibitors have been associated with increase in incidences of lower urinary tract infections and genital mycotic infections. The prevalence is higher in women and in patients with conditions that increase susceptibility, such as a history of urinary tract infections and in postmenopausal women.


    Hypotension – Urine glucose loss is accompanied by diuresis, which may lead to dehydration and hypotension (with its associated symptoms, such as orthostatic hypotension and postural dizziness). Older patients are more susceptible to this condition.


    Hyperkalaemia is a possible adverse effect, especially in susceptible populations (such as patients with renal impairment or when medications that interfere with potassium excretion or when the renin–angiotensin–aldosterone system (RAAS) are used concurrently).


    Diabetic ketoacidosis (DKA) – Life-threatening and even fatal cases have been reported in patients using SGLT2 inhibitors. Symptoms may include nausea, vomiting and malaise. The serum glucose concentration may be lower than is usual in DKA, because SGLT inhibitors increase glucose clearance; this is sometimes referred as to euglycaemic DKA. This complication is more common in patients with type 1 diabetes mellitus.


    Bone health – Bone fractures were reported more frequently than expected in patients using canagliflozin.


    Increased haematocrit – The osmotic diuresis provoked by SGLT2 inhibitors may lead to an increase in haematocrit. As a result, blood viscosity may increase, and thrombosis is possible. However, there are conflicting data about this.


    Lower limb amputation – An increased risk is associated with the use of canagliflozin.


    Increase in low-density lipoprotein (LDL-C) – A dose-related increase in LDL-C has been demonstrated with most members of this pharmacological group. LDL-C concentrations should be monitored. When required, appropriate treatment, such as the use of HMG CoA reductase inhibitors (referred to as “statins” by the general population) should be given.


    Common contraindications


    
      	Hypersensitivity to the active ingredient or any of the excipients


      	Severe renal impairment, end-stage renal disease, or renal replacement therapy


      	Pregnancy or breastfeeding

    


    Warnings and precautions


    Hypoglycaemia – Treatment with SGLT2 inhibitors may increase the risk of hypoglycaemia, when they are combined with insulin or an insulin secretagogue. Lower doses of insulin and secretagogues may therefore be required when they are combined with an SGLT2 inhibitor. The following conditions pose a higher risk of hypoglycaemia: pituitary dysfunction, adrenal insufficiency, insufficient dietary intake of carbohydrates, strenuous exercise, and excessive alcohol consumption.


    Intravascular volume contraction is possible when using SGLT2 inhibitors. Symptomatic hypotension can occur, particularly in elderly people, in patients with impaired renal function, and in patients using diuretics or medications that interfere with the RAAS, such as angiotensin-converting enzyme (ACE) inhibitors or angiotensin receptor blockers, or in patients with low systolic blood pressure.


    Diabetic ketoacidosis (DKA) – Patients taking SGLT2 inhibitors who present with signs and symptoms of severe metabolic acidosis should be assessed for ketoacidosis, regardless of their blood glucose concentration.


    Urinary tract and genital infections – The risks of urinary tract and genital infections are increased when SGLT2 inhibitors are used. Evaluate patients for signs and symptoms and treat promptly, if indicated.


    Necrotizing fasciitis of the perineum (Fournier’s gangrene) – This is a life-threatening infection that has been reported in patients using SGLT2 inhibitors – both men and women. Patients who present with pain or tenderness, erythema or swelling in the genital or perineal area, along with fever or malaise, should be assessed for this condition. If suspected, prompt treatment should be instituted. A warning was issued by the US Food and Drug Administration (US FDA) in August 2018.


    Bone fractures – An increased risk for bone fracture has been observed in patients taking SGLT2 inhibitors, mostly canagliflozin. Factors that contribute to a risk of fractures should be considered before the treatment is initiated.


    Bladder or breast cancers – Excess numbers of female breast cancers and male bladder cancers were observed in clinical trials of dapagliflozin. A meta-analysis of randomized controlled trials did not demonstrate an association with an increased risk of overall cancers, but there was an increase in the risk of bladder cancer.


    Impaired renal function – The glucose-lowering benefit of SGLT2 inhibitors decreases in patients with worsening renal function, while the risks of renal impairment, volume depletion, and urinary tract infections are increased. The US FDA has issued warnings about the risk of acute kidney injury in patients taking canagliflozin and dapagliflozin. Temporary withdrawal should be considered if there is reduced oral intake (such as during an acute illness or fasting) or fluid loss (such as in cases of gastrointestinal illness or excessive heat exposure). Patients should be monitored for the signs and symptoms of acute kidney injury.


    Hyperkalaemia is a possible adverse effect of SGLT2 inhibitors. Patients with renal impairment or who are taking medications that interfere with potassium excretion or with the RAAS are at increased risk of hyperkalaemia.


    Lower limb amputations – An increase in lower limb amputations has been observed in long-term clinical studies with canagliflozin. It is unknown whether this constitutes a class effect. As for all patients with diabetes, it is advised to maintain routine preventive foot care.


    Use in specific populations


    Pregnancy – There are no adequate and well-controlled data on the use of SGLT2 inhibitors during pregnancy. Toxicity cannot be excluded, as use of these drugs may affect renal development and maturation. This pharmacological class should therefore not be used during pregnancy. According to a guideline of the American Diabetes Association (ADA) (2019), insulin and lifestyle are the treatments of choice for gestational diabetes mellitus, to improve perinatal outcomes.


    Nursing mothers – No information is available on the clinical use of SGLT2 inhibitors during breastfeeding. SGLT2 inhibitors are highly bound to plasma proteins and are therefore unlikely to pass into the breast milk in clinically significant amounts. However, their use is not recommended while breastfeeding, because of a theoretical risk to the infant's developing kidneys. Alternative treatments may be preferred, especially when nursing a neonate or preterm infant.


    Paediatric use – The safety and efficacy of this pharmacological class of drugs in children have not been established. According to the ADA guidelines (2020), regarding type 2 diabetes mellitus in children and adolescents, only three drugs are recommended for this age group: metformin, insulin and liraglutide. According to the guideline, the use of medications in children with type 2 diabetes is not recommended outside of research.


    Geriatric patients – Treatment with SGLT2 inhibitors may seem appealing for older adults with diabetes, as these agents are administered orally and do not carry a high risk of hypoglycaemia. Dosage adjustment is not recommended solely because of age. However, as renal function naturally declines with age, there was a higher incidence of adverse reactions (such as volume depletion), with lesser efficacy, in some older patients. In patients with established atherosclerotic cardiovascular disease, SGLT2 inhibitors have shown cardiovascular benefits.


    Renal impairment – The glucose-lowering effect of SGLT2 inhibitors decreases in patients with impaired renal function, while the risks of renal impairment, volume depletion, and urinary tract infections are increased. None of the agents in this pharmacological group is recommended in patients with severe renal impairment. It is recommended to avoid prescription if eGFR is less than 45 mL/min/1.73 m3.


    Hepatic impairment – No dosage adjustment is necessary in patients with mild-to-moderate hepatic impairment. The use of SGLT2 inhibitors in patients with severe hepatic impairment has not been studied and is therefore usually not recommended.


    Sex – Although higher exposures in women has been demonstrated for some SGLT2 inhibitors, the differences are not considered to be clinically important. No dosage adjustment is required.


    Pharmacokinetics


    The available SGLT2 inhibitors share similar pharmacokinetic properties. SGLT2 inhibitors have good oral bioavailability (>65%), which is not significantly affected by food. These drugs can therefore be used without regard to meals.


    The currently approved SGLT2 inhibitors reach peak concentrations about 1–2 hours after ingestion. They are highly bound to circulating proteins (~90%). Most SGLT2 inhibitors have half-lives of about 12 hours, varying from 5–6 hours for tofogliflozin to more than 15 hours for ertugliflozin and ipragliflozin. This allows once-daily dosing. Most of the compounds are metabolized by glucuronidation, while tofogliflozin is mostly metabolized by CYP2C18, CYP4A11 and CYP4F3B. The inactive metabolites are excreted both renally and into the faeces, and the proportions vary for different agents.


    Drug–drug interactions


    Insulin and insulin secretagogues – The risk of hypoglycaemia is increased in patients taking concurrent SGLT2 inhibitors and insulin or insulin secretagogues.


    Diuretics – Co-administration of SGLT2 inhibitors with diuretics may result in increased urine volume and frequency, as well as an increase in the risk of volume depletion.


    Drugs that may reduce hypoglycaemic activity, such as corticosteroids, adrenaline and thyroid hormones, may reduce the effect of SGLT2 inhibitors. The glucose-lowering effect should be monitored.


    UDP-glucuronosyl transferase (UGT) enzyme inducers (such as rifampicin, phenytoin, phenobarbital and ritonavir) may reduce exposure to SGLT2 inhibitors. Nevertheless, a dosage increase is usually not necessary.


    Digoxin – Concurrent use of canagliflozin or sotagliflozin and digoxin may result an increase in digoxin bioavailability. This is probably due to inhibition of P-glycoprotein (P-gp). Therefore, patients taking cardiac glycosides should be monitored. No clinically significant effect is predicted with dapagliflozin, empagliflozin, ertugliflozin and luseogliflozin.


    Administration


    All the existing SGLT2 inhibitors are taken once daily. Food does not significantly alter the pharmacokinetics of SGLT2 inhibitors as a class. However, these agents are usually taken in the morning, before the first meal, to reduce the postprandial blood glucose concentration.


    Concurrent use of SGLT2 inhibitors and insulin or insulin secretagogues may increase the risk of hypoglycaemia. Dosage reduction of the insulin/secretagogue may be required.


    Before starting treatment, it is necessary to assess volume status and correct hypovolaemia in patients with renal impairment, elderly people, and patients with low systolic blood pressure, or in those taking diuretics, ACE inhibitors, or angiotensin receptor blockers. Monitor for signs and symptoms of volume depletion during therapy.


    Monitoring


    
      	Glucose and glycated haemoglobin concentrations (haemoglobin A1c, HbA1c) should be monitored, to assess the efficacy of treatment. Monitoring glycaemic control by urine glucose testing is not recommended, since SGLT2 inhibitors increase urinary glucose excretion and lead to positive urine glucose tests.


      	Monitor volume status, paying special attention to elderly people, patients with renal impairment, patients with low systolic blood pressure, or those taking diuretics, ACE inhibitors, or angiotensin receptor blockers.


      	Monitor for signs and symptoms of metabolic acidosis, regardless of blood glucose concentration.


      	Renal function should be assessed before starting therapy, periodically thereafter, and when starting treatments that may impair renal function.


      	Potassium concentrations should be measured in patients with impaired renal function during therapy.


      	Signs and symptoms of genitourinary infections should be assessed and treated fully when they occur.


      	Blood pressure should be monitored.


      	Serum concentrations of LDL-C should be monitored.

    


    Overdose


    In the event of an overdose, it is advisable to contact the health-care provider and/or local poisons centre. Supportive measures should be used (such as removing unabsorbed material from the gastrointestinal tract and managing electrolyte abnormalities and hypotension), according to the patient’s clinical status.


    Dosage forms


    
      	Oral tablets

    


    Important patient information


    Patients should be advised about the importance of adherence to dietary instructions, regular physical activity, periodic monitoring of blood glucose and HbA1C, recognition and management of hypoglycaemia and hyperglycaemia, and assessment of the complications of diabetes.


    As hypotension and dehydration are possible adverse effects of the treatment, patients should be aware of the symptoms of hypotension. They should also be advised that dehydration may increase the risk of hypotension, and that adequate fluid intake should be maintained.


    Ketoacidosis has been reported during the use of SGLT2 inhibitors. Medical advice should be sought if symptoms of ketoacidosis (such as nausea, vomiting, abdominal pain, tiredness and laboured breathing) occur.


    Patients should be aware of the risk of genitourinary tract infections. Health-care providers should inform patients about the symptoms of such infections and advise them to seek medical advice if such symptoms occur.


    Patients using SGLT2 inhibitors should check their feet regularly and undertake preventive foot care. When wounds or discolouration occur, or when the feet are tender or painful, the health-care provider should be informed.


    SGLT2 inhibitors do not interfere with the ability to drive and use machines or have only minor influence. Nevertheless, patients should be advised to take care, as these drugs may increase the risk of hypoglycaemia (especially when administered in combination with insulin and/or insulin secretagogues) and increase the risk of adverse reactions related to volume depletion.


    Substances with INNs*


    atigliflozin (100), bexagliflozin (113), canagliflozin (102), dapagliflozin (97), empagliflozin (104), enavoglifozin (121), ertugliflozin (107), ipragliflozin (103), licogliflozin (118), luseogliflozin (104), mizagliflozin (114), remogliflozin etabonate (98), sergliflozin etabonate (98), sotagliflozin (110), tofogliflozin (103), velagliflozin (115)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      7. Platelet aggregation inhibitors: P2Y12 receptor antagonists


      -grel- – platelet aggregation inhibitors

    

    
      B – Blood and blood-forming organs


      B01 – Antithrombotic agents


      B01A – Antithrombotic agents


      B01AC – Platelet aggregation inhibitors excluding heparin

    


    Stem


    -grel- – platelet aggregation inhibitors


    grel- – platelet aggregation inhibitors


    Medical substances related to the class


    
      	cangrelor


      	clopidogrel


      	prasugrel


      	ticagrelor


      	ticlopidine – does not use the stem but is a P2Y12 receptor antagonist


      	ozagrel – uses the stem -grel, but is a selective thromboxane A2 synthase inhibitor


      	sarpogrelate – uses the stem -grel-, but is a serotonin 5-HT2-receptor antagonist

    


    
      Platelet aggregation inhibitors: P2Y12 receptor antagonists – a summary


      P2Y12 receptor antagonists (typically identified by the stem -grel) block platelet activation by adenosine diphosphate (ADP). This class includes thienopyridine prodrugs (clopidogrel, prasugrel), direct-acting agents (ticagrelor), and intravenous options (cangrelor). Clopidogrel is included in WHO's Essential Medicines List.


      These substances differ in activation requirements and receptor binding characteristics: thienopyridines require hepatic metabolism and bind irreversibly, while ticagrelor and cangrelor are direct-acting reversible antagonists. Clopidogrel's efficacy varies with CYP2C19 polymorphisms (particularly in Asian populations), while prasugrel shows more consistent effects.


      Most have bioavailability around 80%, except ticagrelor (36%). Loading doses are commonly used to achieve a rapid steady state. Half-lives range from minutes (cangrelor) to 6–12 hours (oral agents), though the effects of irreversible agents persist for a platelet’s lifetime.


      Relevant adverse reactions include a risk of bleeding and rarely thrombotic thrombocytopenic purpura. Most require no dosage adjustment in renal/hepatic impairment, except ticlopidine (rarely used now because of safety concerns).

    


    WHO’s list of essential medicines


    The P2Y12 receptor antagonists are represented by clopidogrel in the 23rd WHO Model List of Essential Medicines (published in 2023). It is classified under antiplatelet medicines, used as antithrombotic medicines for the management of acute ischaemic heart disease, and to be used in the presence of coronary angioplasty implant or graft. This pharmacological class is not included in the 9th Model List of Essential Medicines for Children (published in 2023).


    Main indications


    
      	Reduce the rate of stroke and myocardial infarctions in patients with recent myocardial infarction or stroke, established peripheral artery disease, or acute coronary syndrome.

    


    Off-label uses


    
      	For clopidogrel: as an adjunctive therapy, to support reperfusion with primary percutaneous coronary intervention.


      	Secondary prevention of cardiovascular disease in patients with diabetes and an acetylsalicylic acid allergy.


      	For clopidogrel and ticagrelor: as a part of the treatment of non-ST-elevation acute coronary syndrome in individuals who are intolerant to acetylsalicylic acid.


      	For cangrelor: as a bridging therapy before cardiac surgery.

    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Mechanism of action


    The P2Y12 receptor plays an important role in the activation of platelets and in their aggregation. P2Y12 receptor antagonists block the platelet activation, which is induced by adenosine diphosphate (ADP).


    Ticlopidine, clopidogrel and prasugrel are thienopyridine prodrugs. In order to be in their active state, they need to undergo hepatic metabolism. Only the active metabolites bind to the P2Y12 receptor and block its activity in an irreversible manner. Ticlopidine was the first agent of this class to be approved. Nowadays, this substance is rarely used, as it is less potent and has a less favourable safety profile, compared to other agents in this group.


    Clopidogrel is a second-generation thienopyridine. It needs to undergo a two-step oxidation process, to transform into its active state, which leads to a relatively slow onset of action. However, the irreversible binding to the receptor also leads to a slow offset of action. In addition, the metabolic activation of clopidogrel can be affected by polymorphisms in cytochrome P450 (CYP) 2C19, which results in reduced activity of the CYP – and the activity of clopidogrel. Clopidogrel is also prone to interactions with substances that inhibit or induce the CYP.


    Although prasugrel is also a prodrug, its activation is more efficient than that of clopidogrel. This leads to a faster onset of action, and to a greater and more predictable inhibition of ADP-induced platelet aggregation. In addition, prasugrel is less affected by CYP2C19 polymorphisms.


    Ticagrelor is a cyclopentyl-triazolo-pyrimidine, which acts as an orally active, reversible antagonist of the P2Y12 receptor. Its onset and offset of action are faster than clopidogrel, while the effect on the ADP-induced platelet aggregation is more potent and predictable. Ticagrelor binds to a different site on the P2Y12 receptor. It does not impede the binding of ADP, but prevents the signal transduction induced by it.


    Cangrelor is an ATP analogue, used intravenously. It inhibits the ADP-induced P2Y12 receptor activation competitively and reversibly. Its onset is very rapid – only a few minutes after administration. Since the activity of cangrelor is reversible, while the half-life is very short, the offset of effect is also rapid.


    Adverse reactions


    Increased risk of bleeding – This adverse event derives from the mechanism of action of this pharmacological group. This risk is particularly higher when using acetylsalicylic acid or an anticoagulant concomitantly.


    Haematological disorders have been documented under the use of P2Y12 receptor antagonists. Appropriate testing should be considered when the clinical symptoms may suggest the existence of neutropenia or agranulocytosis, thrombotic thrombocytopenic purpura (TTP) and aplastic anaemia.


    Thrombotic thrombocytopenic purpura (TTP) is a rare but possible adverse effect, which requires prompt treatment. TTP is mostly linked to the thienopyridine derivatives (ticlopidine, prasugrel and clopidogrel). Nowadays, ticlopidine is rarely used, due to its haematological adverse reactions, including TTP. However, TTP was reported also under the use of ticagrelor.


    Hypersensitivity reactions were documented under the use of P2Y12 receptor antagonists. Some of them were serious and included angioedema, anaphylactic reactions and anaphylactic shock. Cross-reactive drug hypersensitivity is possible among the thienopyridines.


    Skin and subcutaneous tissue disorders – Rash is the most common dermal side-effect. However, other adverse effects, including urticaria, bullous dermatitis, eczema, toxic epidermal necrolysis, Stevens–Johnson syndrome, and generalized pruritus have been reported.


    Gastrointestinal (GI) disorders – GI bleeding was reported while using P2Y12 receptor antagonists as well as GI disorders such as diarrhoea, dyspepsia, nausea and vomiting. These adverse effects usually occur at the beginning of the treatment and resolve afterwards. Colitis, pancreatitis, stomatitis, gastric and duodenal ulcers were reported in patient using clopidogrel.


    Respiratory – Thoracic and mediastinal disorders as bronchospasm, interstitial pneumonitis and eosinophilic pneumonia are reported in patients using clopidogrel. Dyspnoea is reported in patients using ticagrelor.


    Bradyarrhythmia including AV block, have been reported under the use of ticagrelor.


    Renal function – Creatinine and uric acid levels may increase during treatment with ticagrelor. The renal function should be monitored.


    Common contraindications


    
      	Significant active bleeding or an increased risk of bleeding


      	Known hypersensitivity to one or more components of the medicine


      	Prasugrel is contraindicated in patients with a history of a prior stroke or transient ischaemic attack.

    


    Warnings and precautions


    The treatment may increase the risk of bleeding. Caution should be used when treating patients with disease states that are associated with an increased bleeding risk, or under concurrent treatment with medicinal products that are associated with bleeding, such as heparin, glycoprotein IIb/IIIa inhibitors, acetylsalicylic acid or other non-steroidal anti-inflammatory drugs (NSAIDs) or selective serotonin reuptake inhibitors (SSRIs).


    Discontinuation of the treatment should be considered before elective surgical procedures. The decision when the P2Y12 receptor antagonist should be discontinued depends on the specific agent, the type of surgery and the specific condition and comorbidities of the patient and may vary between different regulatory authorities. It is necessary to inform the physician and/or the dentist in advance, when a P2Y12 receptor antagonist is in use. Agents with slow offset of action (clopidogrel, prasugrel, ticlopidine) can be problematic in this situation, when patients require an urgent surgery.


    Patients with low CYP2C19 function – clopidogrel is a prodrug, and CYP2C19 plays a crucial role in its activation. The level of the active metabolite may be reduced in patients with low CYP2C19 function (due to genetic polymorphism or concurrent use of inhibitors of this enzyme). In these patients, the antiplatelet activity may be diminished.


    TTP has been reported following the use of P2Y12 receptor antagonists, mostly for thienopyridines.


    Patients at risk for bradycardic events – ticagrelor should be used with caution in patients at risk for bradycardic events, as increased frequency of ventricular pauses was demonstrated during the treatment. Caution should be exercised when administering ticagrelor concomitantly with products that may induce bradycardia.


    Dyspnoea was reported in patients treated with ticagrelor. It is usually mild to moderate in intensity and often resolves without a need for treatment discontinuation.


    Haematological adverse reactions – The use of ticlopidine is associated with life-threatening haematological adverse reactions, including neutropenia/agranulocytosis, TTP and aplastic anaemia.


    The use of prasugrel in people over 75 years of age is discouraged, as this population may be at greater risk of bleeding.


    Use in specific populations


    Pregnancy – Only little data are available regarding the safety of clopidogrel during pregnancy, deriving from case reports (and not from controlled clinical studies). For the other members of this pharmacological class, there are even less data. Considering that the potential benefit may outweigh the risks, clopidogrel is preferred over prasugrel, since the use of the latter is correlated with an increased bleeding risk. Very little data are available about the use of ticagrelor during pregnancy, and it is usually not recommended.


    The activity of P2Y12 receptor antagonists during delivery may increase the risk of maternal bleeding and haemorrhage. Therefore, their use is usually discontinued a few days before the predicted delivery date, when possible.


    Nursing mothers – There is not enough information about the use of P2Y12 receptor antagonists when breastfeeding, on their presence in human milk or the effects on milk production. According to the manufacturer, no adverse effects have been observed in breastfed infants when their mothers used clopidogrel. Clopidogrel, prasugrel and ticagrelor are highly bound to plasma proteins and therefore it is likely that their excretion to breast milk is low. In addition, clopidogrel and ticagrelor have a low oral bioavailability, which further limits their availability to the infant. Since the information is limited, this therapeutic class should be used only after a clinical evaluation of the individual case, and an alternative drug may be preferred (especially while nursing a newborn or preterm infant). If it is used by a nursing mother, the infant should be monitored for signs of bruising and bleeding.


    Paediatric use – Even though the use of this pharmacological group in paediatric populations is not established, clopidogrel is used off-label in some specific clinical settings. It is important to mention that the required dosage per kilogram of body weight is lower in this population group than in adults. Ticagrelor is being investigated as a potential treatment for the reduction of vaso-occlusive crises in paediatric patients with sickle cell disease.


    Geriatric patients – Elderly patients are generally at a higher risk for complications, as they present with comorbidities and slower elimination rate of the medicine more frequently. However, the differences are not considered to be significant enough to require a dose adjustment for cangrelor, clopidogrel and ticagrelor. The use of prasugrel is usually not recommended in patients older than 75 years, while ticlopidine is rarely used nowadays.


    Renal impairment – Patients with renal impairment have a higher risk for both thrombotic and bleeding events. The clinical studies investigating the use of P2Y12 receptor antagonists in patients with renal impairment were heterogeneous, while the same treatment does not necessarily benefit all the underlying kidney diseases. Therefore, the specific agent should be chosen carefully, considering the specific patient’s profile.


    Dose adjustment is usually not required when using cangrelor, clopidogrel, prasugrel and ticagrelor. However, caution should be always used when treating patients with severe and moderate renal impairment, as the experience with this population is limited. Dose adjustment may be required if ticlopidine is used in patients with renal impairment.


    Hepatic impairment – No dose adjustment is required for patients with mild and moderate hepatic impairment, for the currently used P2Y12 receptor antagonists (cangrelor, clopidogrel, prasugrel and ticagrelor).


    Sex – Women had higher exposure to ticagrelor, while clopidogrel demonstrated less inhibition of platelets aggregation in this population. However, these differences do not require a dose adjustment.


    Ethnicity – To be transformed into its active state, clopidogrel needs to be oxidized. A significant mediator of this process is CYP2C19. Certain alleles are related to intermediate and poor metabolism by CYP2C19. The prevalence of those alleles differs according to ethnicity. CYP2C19 loss-of-function polymorphisms are more common in Asian populations and have been associated with diminished antiplatelet response to clopidogrel and a higher risk of cardiac events.


    The bioavailability of the active prasugrel metabolite was higher in Chinese, Japanese and Korean persons, than in Caucasian, African and Hispanic descent subjects. However, no dose adjustment is recommended solely on ethnicity.


    Low body weight – Patients weighing less than 60 kg have an increased exposure to the active metabolite of prasugrel. Therefore, they are at an increased risk of bleeding. Reduction of the maintenance dose should be considered. However, the effectiveness and safety of the lower dosing have not been prospectively studied.


    Pharmacokinetics


    The oral bioavailability of P2Y12 receptor antagonists varies from 36% for ticagrelor to more than 80% for ticlopidine. Cangrelor is given only intravenously, and therefore, the oral bioavailability is not relevant.


    A loading dose is given when using the newer substances in this pharmacological group (cangrelor, clopidogrel, prasugrel, ticagrelor). This is performed to achieve faster the steady state plasma drug concentration. A fast steady state concentration is important for this drug class, which is usually used for serious conditions, when the medicines need to be effective immediately.


    Ticlopidine, clopidogrel and prasugrel are thienopyridine prodrugs, which need to undergo the hepatic oxidative metabolism process to be in their active state. This process is conducted by the CYP system. The need to undergo metabolism means that the onset of their activity is slower. However, the irreversible binding to the receptor also leads to a slow offset of action.


    Apart from cangrelor, all the P2Y12 receptor antagonists are metabolized in the liver. Cangrelor is deactivated in the plasma, by dephosphorylation to a nucleoside. In the case of mild-to-moderate hepatic insufficiency, no dose adjustment is required for cangrelor, clopidogrel, prasugrel and ticagrelor. Dose adjustment may be required in this patient population when using ticlopidine. However, this substance is not routinely used anymore.


    Genetic polymorphisms of CYP, and especially of CYP2C19, or concurrent use of CYP inhibitors, may lead to lower production of the active metabolite of clopidogrel, and as a result to a reduced efficacy. Furthermore, genetic variations in the levels of P-glycoprotein involved in the absorption of clopidogrel, may also affect in the response to the treatment. However, ticagrelor is a direct agent, it is yet metabolized to its inactive state by CYP, and therefore is influenced by inducers and inhibitors of this system.


    The metabolites of all the agents in this pharmacological group are excreted both in the urine and in the faeces, with different ratios for each substance.


    The elimination half-lives of clopidogrel, prasugrel, ticagrelor and ticlopidine are in the range of 6–12 hours. However, this is not necessary in direct correlation with duration of activity. Since ticlopidine, clopidogrel and prasugrel bind irreversibly to the P2Y12 receptor, their pharmacological effect lasts for the lifetime of the platelet. Therefore, these agents are used once a day. Ticagrelor, which has a reversible action, should be taken twice daily. Cangrelor, which is a reversible antagonist with a very short half-life (3–6 min), is used only intravenously, mostly during surgical procedures.


    Drug–drug interactions


    Other medicinal products associated with bleeding risk – Caution should be exercised when P2Y12 receptor antagonists are used concomitantly with agents that may increase the risk of bleeding, such as oral anticoagulants, glycoprotein IIb/IIIa inhibitors, acetylsalicylic acid, heparin, NSAIDs and others. This is due to the potential additive effect, which may lead to an increased risk of bleeding.


    CYP inhibitors – Inhibition of CYP2C19 may reduce formation of the active metabolite of clopidogrel. This may lead to a lower antiplatelet efficacy of clopidogrel when co-administered with the CYP2C19 inhibitors such as proton pump inhibitors (such as omeprazole and esomeprazole).


    Potent inhibitors or inducers of CYP3A4 – CYP3A4 plays a crucial role in the metabolism of ticagrelor. Therefore, it is advisable to avoid concomitant use of strong inhibitors of the CYP3A4 (such as clarithromycin, itraconazole, ketoconazole, ritonavir, saquinavir, indinavir and more) or strong inducers of CYP3A4 (such as carbamazepine, phenobarbital, phenytoin and rifampin).


    Other P2Y12 receptor antagonists – While switching from one agent in this pharmacological class to another, a recommended transition strategy should be followed. The strategy depends on the reversibility, half-lives of the antagonists and other characteristics of both the agent which is being switched and the new P2Y12 receptor antagonist.


    Opioids – Co-administration of opioids and P2Y12 receptor antagonists may delay the absorption of the antiplatelet, and reduce its bioavailability. This may be the result of slower gastric emptying, induced by the opioids.


    SSRIs and serotonin norepinephrine reuptake inhibitors (SNRIs) may affect platelet activation. Therefore, concomitant use of SSRI or SNRI and P2Y12 receptor antagonists may increase the risk of bleeding.


    P-glycoprotein (P-gp) substrates – Ticagrelor is a substrate and a weak inhibitor of P-gp. Appropriate clinical and/or laboratory monitoring is recommended when using concurrently other substances that are P-gp dependent and have a narrow therapeutic index (such as digoxin).


    Medicinal products known to induce bradycardia – Ventricular pauses and bradycardia, mostly asymptomatic, were observed in persons using ticagrelor. Therefore, caution is advised when ticagrelor is used concomitantly with substances that induce bradycardia (such as beta-blockers and calcium channel blockers).


    Administration


    
      	For the newer members of this pharmacological group (cangrelor, clopidogrel, prasugrel, ticagrelor), a loading dose is usually used. Nowadays, ticlopidine is rarely used.


      	When switching from one agent in this pharmacological group to another, the transition strategy, which is recommended specifically for the same switch, should be followed.

    


    Monitoring


    
      	Signs and symptoms of bleeding


      	Haemoglobin and haematocrit levels


      	For ticagrelor: ECG is recommended in patients who are at risk for bradycardic events; renal function should be monitored, especially when the treatment is initiated, in the elderly or in patients with an impaired renal function and when angiotensin receptor blockers are used concomitantly.


      	The use of ticlopidine is associated with life-threatening haematological adverse reactions, including neutropenia, TTP and aplastic anaemia. Patients receiving ticlopidine must be monitored before the initiation, during the treatment and 2 weeks after its discontinuation. Monitoring should include clinical signs or symptoms suggestive of infection, and laboratory signs (as demonstrated in a complete blood count, neutrophil count, platelet count, and the appearance of the peripheral smear).

    


    Overdose


    Bleeding is the most likely pharmacological effect of P2Y12 receptor antagonist overdose. There is no antidote to overdosage, and appropriate supportive measures should be taken (such as stopping the treatment, assessing sources of bleeding, correcting haemodynamic compromise). Since this pharmacological class is highly bound to plasma proteins, dialysis is not supposed to be effective.


    Due to its reversible effect and relatively short half-life, cangrelor overdose is predicted to resolve 60–90 minutes after the drug is discontinued. When irreversible receptor antagonists (clopidogrel, prasugrel) are over-ingested, the effect is supposed to last for the life of the platelet. However, it is biologically plausible that platelet transfusion may restore the clotting ability. It is unlikely that platelet transfusion would carry a clinical benefit in patients with bleeding under the treatment with ticagrelor. As the use of ticagrelor is correlated with increased ventricular pauses, ECG monitoring may also be advised in case of over-ingestion of this substance.


    Dosage forms


    
      	Oral tablets


      	Intravenous infusion

    


    Important patient information


    
      	The treatment should not be discontinued without prior discussion with the prescriber.


      	The patients should be aware that they may be at a greater risk of bleeding. They should report to the health-care provider in any case of prolonged of excessive bleeding, blood in the stools or urine. Before any surgery or dental procedure, the patients need to inform the health-care provider that they are using a P2Y12 receptor antagonist.

    


    Substances with INNs*


    anagrelide (42), camonagrel (61), cangrelor (97), clopidogrel (57), dazmegrel (51), elinogrel (101), furegrelate (53), isbogrel (59), itazigrel (56), midazogrel (53), nafagrel (64), nicogrelate (48), oxagrelate (47), ozagrel (55), pamicogrel (70), parogrelil (94), pirmagrel (53), prasugrel (91), rafigrelide (106), regrelor (97), ridogrel (59), rolafagrel (65), samixogrel (72), sarpogrelate (63), satigrel (67), selatogrel (119), sunagrel (52), temanogrel (103), terbogrel (75), ticagrelor (95), trifenagrel (53)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      8. Factor Xa inhibitors, direct oral anticoagulants


      -xaban – blood coagulation factor Xa inhibitors, antithrombotics

    

    
      B – Blood and blood-forming organs


      B01 – Antithrombotic agents


      B01A – Antithrombotic agents


      B01AF – Direct factor Xa inhibitors

    


    Stem


    -xaban – blood coagulation factor Xa inhibitors, antithrombotics


    Medical substances related to the class


    
      	apixaban


      	betrixaban


      	edoxaban


      	rivaroxaban

    


    
      Factor Xa inhibitors, direct oral anticoagulants – a summary


      Factor Xa inhibitors (identified by the stem -xaban) are direct oral anticoagulants that selectively and reversibly inhibit factor Xa in the coagulation cascade. The class includes substances such as apixaban, rivaroxaban and edoxaban, which are included in WHO's Essential Medicines List.


      These substances have distinct pharmacokinetic profiles: oral bioavailability ranges from 34% (betrixaban) to 80–100% (rivaroxaban at lower doses), and protein binding varies from 55–60% (edoxaban, betrixaban) to 92–95% (rivaroxaban). Metabolism and elimination routes also differ significantly: apixaban and rivaroxaban undergo substantial CYP3A4 metabolism, while renal clearance varies from 11% (betrixaban) to 66% (rivaroxaban).


      Unlike vitamin K antagonists, these drugs offer fixed dosing without routine coagulation monitoring. Relevant adverse reactions include haemorrhage. This class is contraindicated in active bleeding, prosthetic heart valves, and severe hepatic disease with coagulopathy. Most require dosage adjustments in renal impairment and extreme body weights.

    


    WHO’s list of essential medicines


    Apixaban, edoxaban and rivaroxaban appear in the 23rd WHO Model List of Essential Medicines (published in 2023). The factor Xa inhibitors appear as alternative treatments to dabigatran, under the medicines affecting coagulation classification, listed for the treatment of venous thromboembolism and “other specified atrial fibrillation”. Substances belonging to this pharmacological group are not included in the 9th Model List of Essential Medicines for Children (published in 2023).


    Main indications


    
      	Prevention of stroke and systemic embolism in patients with nonvalvular atrial fibrillation.


      	Treatment of deep vein thrombosis.


      	Treatment of pulmonary embolism.


      	Prevention of venous thromboembolic events in patients undergoing hip or knee replacement surgery.

    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Off-label uses


    
      	Treatment and prophylaxis of heparin-induced thrombocytopenia

    


    Mechanism of action


    Substances belonging to this pharmacological group selectively and reversibly inhibit factor Xa, in the common pathway of the coagulation cascade. Apixaban, betrixaban, edoxaban and rivaroxaban competitively inhibit factor Xa and prothrombinase activity, which prevents thrombin generation and thrombus formation. Factor Xa inhibitors do not directly affect platelet aggregation. However, they indirectly inhibit platelet aggregation induced by thrombin.


    Direct oral anticoagulants (DOAC, a bigger pharmacological group which also includes dabigatran, a direct thrombin inhibitor) offer a more favourable efficacy–safety profile compared to vitamin K antagonists (VKA). However, they are not approved for all VKA’s indications. For example, the safety and efficacy of factor Xa inhibitors have not been established in patients with prosthetic heart valves or patients with end-stage renal disease. Therefore, the use is not recommended in those cases.


    Unlike VKAs, DOACs are used in fixed doses; they have fewer food and drug interactions and do not require routine coagulation monitoring and dose adjustment. Nonetheless, the individuals using them still need to be monitored for signs of bleeding or anaemia. In some situations, there may be a clinical need to evaluate the effect of the Xa inhibitor (such as when an emergency surgical procedure is required or in the occurrence of a thromboembolic event while using the treatment, in patients with extreme body weight or in the case of impaired or hyper renal function). Anti-Xa activity assays, calibrated with drug-specific standards, can be used for this purpose. Factor Xa inhibitors also affect prothrombin time (PT) and activated partial thromboplastin time (aPTT) assays. However, these assays are not sensitive enough to measure the extent of activity of the factor Xa inhibitor.


    Adverse reactions


    Haemorrhage is a typical and common adverse reaction of the treatment with factor Xa inhibitors, as well as other reactions that are related to bleeding, such as bruising, epistaxis, haematoma, anaemia and more. Dizziness and headache, abdominal pain and nausea, rash and pruritus, hypotension, and elevation of liver function markers as bilirubin were also described as adverse reactions related to the use of this pharmacological class.


    Common contraindications


    
      	Hypersensitivity to the active ingredients or to the excipients


      	Active clinically significant bleeding


      	A significant risk factor for major bleeding (such as oesophageal varices, recent brain surgery or intracranial haemorrhage, gastrointestinal ulcer, or vascular aneurysm)


      	Hepatic disease associated with coagulopathy and clinically relevant bleeding risk


      	Concomitant treatment with other anticoagulants, antiplatelet therapy or acetylsalicylic acid, unless in specific and well-defined circumstances, such as switching the anticoagulant treatment, when unfractionated heparin is used to maintain an open central venous or arterial catheter.

    


    Warnings and precautions


    Premature discontinuation of the treatment with anticoagulants increases the risk of thrombotic events. Therefore, the treatment should not be stopped without consulting the prescriber. An alternative anticoagulant may be considered in cases where the treatment was stopped before completion of the course of therapy for a reason other than pathological bleeding.


    Risk of haemorrhage – The use of anticoagulants is associated with a higher risk of bleeding. Substances belonging to this pharmacological group should be used with caution, especially when there is an increased risk of bleeding. If a severe haemorrhage occurs, the treatment should be discontinued immediately. Due to the increased risk of bleeding, concomitant treatment with other anticoagulants is contraindicated unless in very specific situations. Concomitant use of antiplatelet therapies may increase the risk of bleeding. Caution should be used in patients using selective serotonin reuptake inhibitors (SSRIs) or serotonin norepinephrine reuptake inhibitors (SNRIs), or non-steroidal anti-inflammatory drugs (NSAIDs, including acetylsalicylic acid).


    Prosthetic heart valves – The data about the safety and efficacy of apixaban, betrixaban, edoxaban and rivaroxaban in patients with prosthetic heart valves are limited.


    Patients with antiphospholipid syndrome (APS) – The evidence regarding the use of direct-acting oral anticoagulants in patients with APS are of low quality. However, according with the existing data (for apixaban and rivaroxaban), the use is not recommended in patients diagnosed with APS and a history of thrombosis.


    Surgery and invasive procedures – The use of this pharmacological class is usually discontinued before elective surgery or invasive procedures with a risk of bleeding (timing of discontinuation depends on the procedure and on the specific substance). In cases when surgery or invasive procedures cannot be delayed, the risk of bleeding should be weighed against the urgency of the intervention. An appropriate caution should be exercised, taking into consideration an increased risk of bleeding.


    Spinal/epidural anaesthesia or puncture – When neuraxial anaesthesia (spinal/epidural anaesthesia) or a spinal/epidural puncture is employed, patients treated with antithrombotic agents for prevention of thromboembolic complications are at risk of developing an epidural or spinal haematoma which can result in long-term or permanent paralysis.


    Venous thromboembolism (VTE) is a known complication in patients with cancer who receive chemotherapy. The safety and efficacy of factor Xa inhibitors in preventing thrombotic events in this population are unclear. Some published studies suggest that treatment with factor Xa inhibitors may reduce the overall VTE but increase bleeding.


    Renal impairment – All the approved factor Xa inhibitors are renally cleared to some extent. Declining renal function is associated with higher bioavailability of this pharmacological group, which may increase the risk of bleeding. Therefore, caution should be taken when using factor Xa inhibitors in patients with renal impairment. Dose reduction or an alternative treatment may be advised, depending on the specific inhibitor, indication, degree of renal impairment, and other risk factors. According to the manufacturers, it is advised to avoid the use if the creatinine clearance is below 15 mL/min.


    Hepatic impairment – The use of factor Xa inhibitors is usually not recommended in patients with moderate and severe hepatic impairment and is contraindicated in individuals with hepatic diseases that are associated with coagulation abnormalities. Caution is required when this pharmacological class is used by individuals with hepatic diseases.


    Body weight – Extreme body weight may require dose adjustment. The dose of edoxaban should be reduced in individuals with a body weight of 60 kg and below. A dose reduction is recommended in patients with nonvalvular atrial fibrillation using apixaban for risk reduction of stroke and systemic embolism. However, this is recommended only in the existence of at least two risk factors, such as age 80 years and older, body weight 60 kg and below, and serum creatinine above 1.5 mg/dL (133 micromol/L). The exposure to apixaban is reduced in individuals with a body weight of 120 kg and above.


    Elderly patients – No dose adjustment is required considering only the age. However, elderly individuals may be at an increased risk of haemorrhage. Therefore, the use of a lower dose may be advised, depending on the existence of additional risk factors (such as low body weight, renal impairment and more).


    High creatinine clearance – edoxaban should not be used in patients with creatinine clearance (CrCl) higher than 95 mL/min. Another anticoagulant should be preferred in this population. In the ENGAGE AFTIMI 48 study, patients with nonvalvular atrial fibrillation creatinine clearance above 95 mL/min had an increased rate of ischaemic stroke compared to patients treated with warfarin.


    Use in specific populations


    Pregnancy – The data regarding the use of factor Xa inhibitors during pregnancy are insufficient. Therefore, their use should be avoided. Low molecular weight heparin (LMWH) is the anticoagulant treatment of choice during pregnancy, as it does not cross the placenta. In contrast, the low molecular weight of factor Xa inhibitors suggests placental transfer (in animal and in vitro).


    Pregnancy confers an increased risk of thromboembolism, especially for women with underlying thromboembolic disease and certain high-risk pregnancy conditions. The use of anticoagulants may increase the risk of bleeding in the mother, the fetus and neonate during the delivery. In addition, women receiving neuraxial anaesthesia while using anticoagulants may be at higher risk of epidural or spinal haematomas. Therefore, the benefits of using factor Xa inhibitors should be weighed against the potential risks, also bearing in mind the risks and benefits of alternative treatments. The use of a short-acting anticoagulant when delivery approaches should be considered, and the neonates should be monitored for bleeding.


    Nursing mothers – Available animal data have shown apixaban, edoxaban and rivaroxaban excretion into milk, while apixaban and rivaroxaban have been detected in human milk. It is unknown whether betrixaban, edoxaban or their metabolites are excreted in human milk. As the data are sparse, and risk to newborns and infants cannot be excluded, the benefit should be weighed against the potential risks. A few case reports were described for rivaroxaban, suggesting low levels in the milk. Therefore, it may be suggested that the use of this drug is not a reason to avoid breastfeeding. The baby should be monitored for signs of bleeding.


    Paediatric use – According to their summary of product characteristics, the use of factor Xa inhibitors is not established in the paediatric population. No regulatory authority approved the use of this pharmacological group in children, and current use is only done off-label. This pharmacological group is being evaluated in the paediatric population in a few clinical trials. Recent data suggest that rivaroxaban may be used to treat venous thromboembolism in doses adjusted to body weight. Nevertheless, the existing evidence is not yet sufficient for broad-scale use in children.


    Geriatric patients – Elderly patients are in an increased risk of haemorrhage and may have additional risk factors for treatment complications. However, age per se is not a reason for dose adjustment. Lower dose may be advised for additional risk factors (such as low body weight, renal impairment and more).


    Renal impairment – All the approved factor Xa inhibitors are partially renally eliminated (with different extent for each substance). Thus, their exposure may increase in patients with renal impairment, which poses a higher risk of bleeding. An alternative treatment or a dose reduction may be required, as a function of the specific factor Xa inhibitor, the indication for treatment, concomitant use of certain other medicines, the degree of renal impairment and more.


    Hepatic impairment – The use of this pharmacological group is contraindicated in individuals with hepatic impairment associated with coagulation abnormalities. As patients with moderate and severe hepatic impairment (Child–Pugh B and C) may have coagulation abnormalities and lower clearance of the drug, and the clinical experience in this population is limited, the use of factor Xa inhibitors is usually not recommended.


    Sex – No clinically significant differences were found in the pharmacokinetics and the pharmacodynamics of factor Xa inhibitors in women and men.


    Ethnicity – No clinically significant differences were found in the pharmacokinetics and the pharmacodynamics of factor Xa inhibitors in different ethnic groups. Healthy Japanese subjects were found to have higher average exposures to rivaroxaban compared to other ethnic origins, including Chinese. These differences were reduced when the values were corrected for body weight.


    Pharmacokinetics


    Although considered one pharmacological class, factor Xa inhibitors display distinct pharmacokinetic properties. The oral bioavailability varies from 34% for betrixaban, 50% for apixaban and 62% for edoxaban to 80–100% for rivaroxaban at doses of 2.5–10 mg. The bioavailability is reduced to about 66% when 20 mg of rivaroxaban are administered. Food does not affect total systemic exposure to apixaban and edoxaban; therefore, they can be administered regardless of food. Food reduces exposure to betrixaban. However, it should be taken with food. The bioavailability of rivaroxaban at doses of 2.5–10 mg is not affected by food, and therefore, those doses can be taken with or without food. The bioavailability of higher doses increases when administered with food, and therefore, when using 15–20 mg rivaroxaban, the dosing should be taken with food.


    The time to peak concentration is relatively short: 1–2 hours for edoxaban, 2–4 hours for rivaroxaban, and 3–4 hours for apixaban and betrixaban. All the approved factor Xa inhibitors are administered as active drugs. Rivaroxaban has the shortest terminal half-life, of 5–9 hours. Apixaban and edoxaban have half-lives of 12 and 10–14 hours, respectively. Betrixaban has the longest terminal half-live, 35–45 hours, and an effective half-life of 19–27 hours. These properties, in addition to their direct activity, contribute to one of the advantages of factor Xa inhibitors: they have a relatively rapid onset and offset, allowing a simple initiation and interruption of the treatment and an easy administration. Usually, factor Xa inhibitors are administered once daily, except for apixaban (used twice daily) and rivaroxaban when administered to treat deep vein thrombosis and/or pulmonary embolism (twice daily).


    Protein binding ranges between 55% and 60% for edoxaban and betrixaban (relatively), to 87% for apixaban and 92–95% for rivaroxaban.


    Apixaban and rivaroxaban undergo more substantial metabolism by the CYP system, mostly CYP3A4 (and 3A5 for rivaroxaban). Therefore, they are also prone to more drug–drug interactions with substances that inhibit or enhance the CYP3A activity. Edoxaban has an active metabolite, with less than 10% exposure to the parent drug. All factor Xa inhibitors are substrates of the P-glycoprotein (P-gp) transport protein, an important mediator of drug–drug interactions.


    The major route of elimination also differentiates between members of this class. Betrixaban has the lowest proportion of renal clearance (11%) and is mainly excreted in faeces (85%). Up to 27% of the dose of apixaban is renally excreted, while edoxaban has 50% renal clearance. Rivaroxaban is mostly excreted in the urine (66% of the dose).


    Drug–drug interactions


    Factor Xa inhibitors have fewer drug–drug interactions than warfarin. However, they still have some significant interactions. Apixaban and rivaroxaban are metabolized by cytochrome P450 (CYP) enzymes, mostly 3A4 (and 3A5 for rivaroxaban). Therefore, they are prone to interactions with substances that induce or inhibit CYP. All factor Xa inhibitors are influenced by interactions that occur through the P-gp drug transporters.


    Inhibitors of both cytochrome CYP3A and P-gp – Concurrent use with apixaban and rivaroxaban increases the risk of bleeding. Concomitant systemic treatment with strong inhibitors of both CYP3A and P-gp, such as azole-antimycotics (e.g. ketoconazole, itraconazole, voriconazole and posaconazole) and HIV protease inhibitors (e.g. ritonavir) is not recommended in patients receiving apixaban and rivaroxaban.


    Inducers of both CYP3A and P-gp – Concomitant use of apixaban and rivaroxaban with strong CYP3A and P-gp inducers (e.g. rifampicin, phenytoin, carbamazepine, phenobarbital or St John’s wort) may lead to a reduction in the exposure to the factor Xa inhibitor and increase the risk of stroke and thromboembolic events. Therefore, it is not recommended.


    Inhibitors of P-gp – betrixaban and edoxaban are substrates of P-gp. Dose reduction may be required when they are administered concomitantly with P-gp inhibitors as ketoconazole.


    Inducers of P-gp – betrixaban and edoxaban are substrates of P-gp. It is advised to avoid concomitant use with P-gp inducers such as carbamazepine and phenytoin.


    Anticoagulants, platelet aggregation inhibitors, thrombolytics, SSRIs, SNRIs and NSAIDs – Co-administration of anticoagulants, platelet aggregation inhibitors, thrombolytics and NSAIDs may increase the risk of bleeding. Therefore, concomitant use is not recommended unless under specific circumstances. The signs and symptoms of blood loss should be carefully monitored. Caution should be used when SSRIs, SNRIs or NSAIDs (including acetylsalicylic acid) are co-administered with factor Xa inhibitors, as these medicinal products typically increase the bleeding risk.


    Administration


    
      	When switching between substances belonging to this class and vitamin K antagonist or parenteral treatment (and vice versa), a specific protocol for the switch may be required. It is important to make sure, before the change, that the protocol’s details are clear to the patient and medical team.


      	Apixaban can be crushed and suspended in water, 5% dextrose in water, apple juice or apple puree and administered orally immediately. Edoxaban can be crushed and mixed with water and apple puree and be administered orally immediately. Rivaroxaban can be crushed and mixed with apple puree. Apixaban, edoxaban and rivaroxaban tablets can be crushed, suspended in water and delivered immediately using a nasogastric tube.

    


    Monitoring


    
      	Prothrombin time (PT), activated partial thromboplastin time (aPTT or PTT), serum creatinine, and liver function tests before initiation of treatment. The latter two parameters should also be monitored periodically during the treatment and when there is a clinical indication.


      	A routine coagulation test is not required. In situations when there is a clinical need to assess the treatment’s effect, the commonly used coagulation tests, such as PT, aPTT and INR, cannot be considered as accurate. An anti-factor Xa assay is the preferred test to quantify the anticoagulant effect.


      	Haemoglobin or haematocrit levels, to detect occult bleeding.


      	Blood pressure.

    


    Overdose


    Overdose of factor Xa inhibitors may result in a higher risk of bleeding. In the event of haemorrhagic complications, treatment should be discontinued, and an appropriate treatment should be considered (such as surgical intervention or the transfusion of fresh frozen plasma). The administration of activated charcoal may be useful in the management of a recent overdose. Haemodialysis is unlikely to be effective, as factor Xa inhibitors bind to plasma proteins.


    If life-threatening bleeding cannot be controlled by the above measures, administration of a prothrombin complex concentrate (PCC) or recombinant factor VIIa may be considered. Andexanet alfa is a recombinant modified human factor Xa, used for the reversal of rivaroxaban and apixaban overdose.


    Dosage forms


    
      	Oral tablets


      	Oral capsules

    


    Important patient information


    
      	Patients using anticoagulants may bruise or bleed more easily when treated with factor Xa inhibitors. It may also take longer than usual for the bleeding to stop. Any unusual bleeding should be reported to the physician.


      	The use of anticoagulants should be reported to the physician and dentist before any medical or dental procedure and before starting a new drug.


      	The treatment with anticoagulants should not be stopped without consulting the prescriber, as this may increase the risk of thrombotic events.

    


    Substances with INNs*


    apixaban (93), betrixaban (98), darexaban (104), edoxaban (99), eribaxaban (98), fidexaban (91), letaxaban (104), otamixaban (86), razaxaban (90), rivaroxaban (90)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      9. Beta-adrenoreceptor antagonists (beta-blockers)


      -dilol – vasodilators 
 -olol – adrenoreceptor antagonists 
 -alol – aromatic ring -CH-CH2-NH-R related to -olols

    

    
      C – Cardiovascular system


      C07 – Beta-blocking agents


      C07A – Beta-blocking agents


      C07AA – Beta-blocking agents, nonselective


      C07AG – Alpha- and beta-blocking agents

    


    Stem


    -dilol – vasodilatory beta-blockers


    -olol – adrenoceptor antagonists


    -alol – aromatic ring -CH-CH2-NH-R related to -olols


    Medical substances related to the class


    
      	acebutolol


      	alprenolol


      	atenolol


      	betaxolol


      	bevantolol


      	bisoprolol


      	bopindolol


      	bupranolol


      	bucindolol


      	carazolol


      	carteolol


      	carvedilol


      	celiprolol


      	esmolol


      	labetalol


      	metipranolol


      	metoprolol


      	nadolol


      	nebivolol 


      	oxprenolol


      	penbutolol


      	pindolol


      	propranolol


      	sotalol


      	talinolol


      	tertatolol


      	timolol

    


    Note: Stanozolol is not a beta-blocker; it is an androgen receptor agonist.


    
      Beta-adrenoceptor antagonists (beta-blockers) – a summary


      Beta-blockers (identified by the stems -olol, -dilol or -alol) are antagonists of sympathetic neurotransmitters at beta-adrenergic receptors. Bisoprolol, atenolol, carvedilol, metoprolol, timolol and propranolol are included in WHO's Essential Medicines List for various indications, including hypertension, heart failure, glaucoma, and migraine prophylaxis.


      Beta-blockers are differentiated by several key properties: beta-1 selectivity (e.g. acebutolol, atenolol, bisoprolol), so-called intrinsic sympathomimetic activity, i.e. partial agonism (e.g. acebutolol, pindolol), alpha-1 blocking activity (e.g. carvedilol, labetalol), and lipophilicity (affecting CNS penetration). Most have low bioavailability and high protein binding.


      Relevant adverse reactions include fatigue, bradycardia and bronchospasm (especially with nonselective beta-blockers). Unlike ACE inhibitors, beta-blockers can be used during pregnancy (particularly metoprolol and labetalol), though atenolol should be avoided because of a risk of growth restriction. Many beta-blockers require dosage adjustment in renal impairment, and abrupt discontinuation can exacerbate angina.

    


    WHO’s list of essential medicines


    The beta receptor blockers drug class appears for several indications in the 23rd WHO Model List of Essential Medicines (published in 2023). Bisoprolol is classified under anti-anginal, anti-arrhythmic, and medicines used in heart failure (carvedilol and metoprolol are listed as alternatives) and as antihypertensive (listing atenolol, carvedilol and metoprolol as alternatives). Timolol is listed for the treatment of glaucoma. Propranolol is listed for the prophylaxis of migraine.


    Propranolol is also listed in the 9th Model List of Essential Medicines for Children (published in 2023) for migraine prophylaxis.


    Main indications*


    
      	Angina pectoris


      	Hypertension


      	Congestive heart failure


      	Acute coronary syndrome


      	Atrial fibrillation


      	Cardiac arrhythmias


      	Migraine prophylaxis


      	Management of pheochromocytoma


      	Hyperthyroidism


      	Anxiety conditions


      	Management of essential tremor


      	Glaucoma and ocular hypertension


      	Hypertrophic obstructive cardiomyopathy


      	Substance abuse withdrawal


      	Adjuncts treatment for the signs and symptoms of hyperthyroidism


      	Prophylaxis of upper gastrointestinal bleeding in patients with portal hypertension and oesophageal varices.

    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Off-label uses


    
      	Post-burn hypermetabolism


      	Gastrointestinal haemorrhage


      	Portal hypertension


      	Retinopathy of prematurity

    


    Mechanism of action


    All beta-adrenergic antagonists attain their action by blocking the effect of sympathetic neurotransmitters on their receptor-binding sites. The beta antagonists differ by their properties, such as the relative affinity for beta-1 and -2 receptors, existence of intrinsic sympathomimetic activity, blockade of alpha receptors, lipid solubility, the capacity to induce vasodilation, stabilize membranes and other pharmacokinetic and pharmacodynamic parameters.


    Catecholamines induce positive chronotropic (=on the rhythm) and inotropic (=on the contraction force) effects on the heart. Beta-blockers prevent those effects and lead to slower heart rate and decreased myocardial contractility when there are sympathetic stimuli to antagonize. When beta stimulation is low, the effect induced by a beta-blocker is modest. But, in the presence of sympathetic activation, such as during exercise or stress, the rise in heart rate is reduced. Beta-blockers do not reduce blood pressure in patients with normal blood pressure.


    The mechanisms leading to blood pressure reduction in patients with hypertension are not fully understood. Blockade of beta-1 receptors reduces renin secretion and RAS activity, which leads to an antihypertensive effect. Some Beta-blockers also exert additional effects, as blocking alpha-1 receptors (bucindolol, carvedilol and labetalol) and enhancing the bioavailability of nitric oxide (carvedilol and nebivolol).


    The beta-1 selective antagonists include acebutolol, atenolol, betaxolol, bevantolol, bisoprolol, celiprolol, esmolol, metoprolol and nebivolol. Nonselective beta-blockers (such as alprenolol, bopindolol, bucindolol, carteolol, carvedilol, labetalol, nadolol, oxprenolol, penbutolol, pindolol, propranolol, sotalol, tertatolol and timolol) also block the beta-2 receptors in the bronchial smooth muscle, which may lead to bronchoconstriction. It is important to remember that the cardio-selectivity is not absolute: at higher doses, even the selective beta-1 antagonists inhibit beta-2 adrenoceptors. Therefore, the lowest effective dose should be kept in order to retain selectivity.


    As catecholamines promote glycogenolysis and mobilize glucose in response to hypoglycaemia, nonselective beta-blockers may delay recovery from hypoglycaemia and mask its symptoms (such as tremors, tachycardia and nervousness). Beta-blockers can also attenuate the release of free fatty acids from adipose tissue. Nonselective antagonists reduce HDL cholesterol, increase LDL cholesterol, and increase triglyceride levels. On the contrary, selective beta-1 antagonists may improve the serum lipid profile.


    Acebutolol, carteolol, celiprolol, oxprenolol, penbutolol and pindolol have intrinsic sympathomimetic activity. In the absence of catecholamines, these agents can partially activate the beta receptors and prevent the negative effects in the resting heart. The clinical significance of that activity is unclear.


    Some beta-blockers are lipophilic, such as bucindolol, carvedilol, penbutolol and propranolol, while hydrophilic beta-blockers are acebutolol, atenolol, metoprolol and nadolol. This character may influence pharmacokinetics (such as metabolism and renal elimination) and pharmacodynamics (such as the ability to diffuse through barriers like the blood–brain barrier and the placenta). Hydrophilic beta-blockers are preferred in patients who suffer from CNS side-effects of the beta blockade, as depression and sleep disturbances.


    At high concentrations, agents such as carvedilol, metoprolol and propranolol possess a membrane-stabilizing activity. At therapeutic doses, the clinical relevance of this is doubtful. But, when there is an overdose, it may be significant.


    In addition to their cardiovascular indications, beta receptor antagonists block catecholamine-induced tremor. When used in ophthalmic dosage forms, beta-blockers reduce the production rate of aqueous humour and lower the intraocular pressure, whether or not accompanied by glaucoma.


    Adverse reactions


    Fatigue and gastrointestinal disorders are the most frequently reported side-effects. Other cited adverse reactions include sleep disturbances (including insomnia and nightmares), depression and sexual dysfunction.


    Blockade of the beta receptors may lead to heart failure or exacerbate an existing one in patients with compensated heart failure, acute myocardial infarction, or cardiomegaly, as their cardiac output partially depends upon sympathetic drive.


    Beta-blockers may induce bradycardia, which requires dose reduction. Beta-blockers may be used with patients with controlled heart failure, while in patients with partial or complete AV conduction defects, they may cause a life-threatening bradyarrhythmia.


    Abrupt withdrawal of beta-blockers may exacerbate angina pectoris. Precaution is especially required in patients with ischaemic heart disease.


    Peripheral artery disease (cold extremities, absent pulses and Raynaud's phenomenon) are possible side-effects with nonselective beta receptor antagonists. At the same time, beta-1 selective agents or beta-blockers with intrinsic sympathomimetic activity do not affect the peripheral vessels to the same extent.


    Blockade of beta-2 receptors in bronchial smooth muscle may lead to bronchospasm in patients with bronchospastic diseases.


    Metabolic effects – blockade of the beta-adrenoceptors may delay the recovery from hypoglycaemia and mask its signs and symptoms. Beta-1 selective agents may be preferable for patients at risk of hypoglycaemia. Lipid metabolism may also be altered by the beta blockade and is influenced by the selectivity of the beta-blocker.


    Various skin rashes and conjunctival xerosis have been reported while using a beta-blocker.


    Antinuclear antibodies – The use of beta-blockers has been associated with developing antinuclear antibodies. The clinical manifestation of this phenomenon, as rheumatic symptoms, is infrequent and resolves after the cessation of therapy.


    Adverse drug reactions after topical ophthalmic administration are lower than those for systemic administration. In order to diminish the systemic exposure to the drug, pressure should be placed over the corner of the eye for at least a minute after using eye drops.


    Common contraindications


    
      	Hypersensitivity to the active ingredient, any of the excipients or to beta-blockers


      	Cardiogenic shock


      	Second- and third-degree heart block


      	Sick sinus syndrome


      	Marked bradycardia (< 45–50 bpm) and uncontrolled heart failure


      	Metabolic acidosis


      	Severe peripheral circulatory disorders


      	Untreated pheochromocytoma

    


    As a general rule, beta-blockers should not be used in patients with a history of obstructive airway disease (including asthma), even when they are cardio-selective. Nonetheless, in circumstances when no better alternative exists, the administration of a cardio-selective beta-adrenoreceptor antagonist may be considered.


    Warnings and precautions


    Extreme caution is required in patients with blood pressures of 100/60 mmHg or below.


    Beta-blockers may aggravate peripheral circulatory disorders and may mask signs of thyrotoxicosis and hypoglycaemia. In patients with pheochromocytoma, they should only be used with concomitant alpha-adrenoreceptor therapy.


    Beta-blockers may increase the sensitivity to allergens and the seriousness of anaphylactic reactions.


    Patients undergoing long-term treatment with beta-blockers may show enhanced sensitivity to beta-agonists when the treatment is discontinued abruptly. Abrupt discontinuation of beta receptor antagonists after long-term treatment can exacerbate angina and may increase the risk of sudden death.


    Dizziness or fatigue may occur occasionally. This should be considered when driving or operating machinery. Temporary blurred vision or other visual disturbances due to the use of eye drops containing beta-blockers may affect the ability to drive or use machines. If blurred vision occurs, the patient must wait until the vision clears before driving or using machinery.


    Beta-adrenergic blockade may mask clinical signs of hyperthyroidism. Abrupt withdrawal of the beta-blockade might precipitate a thyroid storm. Patients suspected of developing thyrotoxicosis should be monitored closely when the beta-blockade is withdrawn.


    There is no consensus regarding the management of patients using beta-blockers and undergoing surgical procedures. The risk–benefit should be assessed individually for each patient. However, it is advisable to inform the anaesthesiologist prior to the procedure, as the heart's response to reflex adrenergic stimuli may be impaired under beta-blockade. Particular care should be taken when using anaesthetic agents which depress myocardial function, such as ether, cyclopropane and trichloroethylene.


    Beta-blockers may increase the number and duration of angina attacks in patients with Prinzmetal's angina due to unopposed alpha receptor-mediated coronary artery vasoconstriction.


    Ophthalmic Beta-blockers may induce dryness of eyes. Caution should be exercised when treating patients with corneal diseases.


    Use in specific populations


    Pregnancy – Beta receptor blockers are among the drugs of choice for the treatment of hypertension during pregnancy. As there is more experience regarding using metoprolol and labetalol, they should be preferred. Atenolol is associated with prematurity, small size for gestational age and intrauterine growth restriction, and therefore is better avoided. When treatment with a beta-blocker is given during labour, perinatal effects as bradycardia and hypoglycaemia may be experienced. Close observation of the infant is recommended for the first 48 hours after birth.


    Nursing mothers – Breastfeeding is allowed during therapy with beta-blockers. Due to their properties and the experience using them, labetalol, metoprolol and propranolol are preferred, especially when breastfeeding a newborn or preterm infant. Propranolol has also been used successfully in cases of persistent pain of the breast during breastfeeding.


    Paediatric use – The data regarding paediatric usage of beta-blockers are limited. Even though they are widely used in some well-defined clinical situations, propranolol is used in several paediatric indications, such as the treatment of arrhythmias, treatment of haemangiomas requiring systemic therapy, post-burn hypermetabolism, congestive heart failure, hypertension and more. Sotalol is prescribed for the treatment of arrhythmia. Metoprolol is indicated for angina pectoris, congestive heart failure, and hypertension.


    Geriatric patients tend to have a lesser antihypertensive response to beta-blockade. The dose selection for an elderly patient should be cautious, usually starting at the low end of the dosing range, reflecting the greater frequency of decreased hepatic, renal or cardiac function and of concomitant disease or another drug therapy.


    Renal impairment – Renal excretion plays a major role in eliminating many beta-blockers, such as atenolol, bisoprolol, carteolol, nadolol and sotalol. Therefore, dosage adjustment may be required when treating patients with renal impairment.


    Hepatic impairment – bisoprolol, carvedilol, metoprolol, nebivolol, oxprenolol and propranolol undergo a prominent hepatic metabolism. Caution should be used when treating patients with hepatic impairment with these agents. Dose adjustment may be required.


    Ethnic differences – People of African ancestry tend to have a lesser antihypertensive response to beta-blockers.


    Pharmacokinetics


    Lipophilic blockers, such as bisoprolol, carvedilol, metoprolol and propranolol, appear to have greater anti-arrhythmic efficacy than the hydrophilic compounds (atenolol, labetalol and nadolol), which might be related to a central mode of action.


    Many beta-blockers, such as bucindolol, carteolol, labetalol, oxprenolol, pindolol and propranolol, have relatively short plasma half-lives and therefore require more than once-daily dosing.


    Renal excretion is a prominent elimination route for many beta-blockers, including atenolol, bisoprolol, carteolol, nadolol and sotalol. When renal function is impaired, clearance of these beta-blockers decreases, and the plasma half-life increases.


    The hepatic metabolism of bucindolol, carteolol, carvedilol, metoprolol, nebivolol and propranolol is cytochrome P450 2D6 (CYP2D6) dependent. Genetic differences exist in the rate of CYP2D6 metabolism, so the plasma levels are prone to wide interindividual variation. Bisoprolol, carvedilol, labetalol, metoprolol, oxprenolol and propranolol undergo a prominent first pass metabolism. First pass metabolism may also show a great interindividual difference.


    Carvedilol, nebivolol, penbutolol and propranolol are highly bound to plasma proteins and, therefore, are not dialysable.


    Drug–drug interactions


    Many beta-blockers are metabolized by the cytochrome P450 (CYP) system. Inhibitors or inducers of this system may alter the clearance of the beta-blockers. CYP2D6 plays a dominant role in the metabolism of some beta antagonists, including bucindolol, carteolol, carvedilol, metoprolol and propranolol. Strong inhibitors of CYP2D6 (such as quinidine, fluoxetine, paroxetine and propafenone) would be expected to increase blood levels of CYP2D6 substrates. Inducers of CYP2D6 (like smoking) may lead to a decrease in the levels of beta-blockers metabolized by this CYP subtype.


    Catecholamine-depleting agents – Patients who are using a drug that can deplete catecholamine levels (such as reserpine and monoamine oxidase inhibitors) should be observed closely for signs of hypotension and/or severe bradycardia.


    Cimetidine and hydralazine may increase the bioavailability of propranolol and metoprolol.


    Clonidine – When concomitant treatment with a beta-blocker and clonidine is to be terminated, the beta-blocker should be discontinued first.


    Aluminium salts, cholestyramine and colestipol may decrease the absorption of beta-blockers from the gastrointestinal tract.


    Other antihypertensive agents – Concomitant use may increase the blood pressure-lowering effect (e.g. with diuretics, calcium channel blockers, ACE inhibitors, alpha-1 antagonists and PDE5 inhibitors).


    Calcium channel blockers (CCB) – The concomitant use of CCB and beta-blockers may lead to excess bradycardia and AV block. Therefore, their combination should be done with great care.


    Anti-arrhythmic drugs – Class 1 anti-arrhythmic drugs (such as disopyramide) and amiodarone may increase atrial conduction time and induce negative inotropic effects when used concomitantly with beta-blockers.


    Concomitant use of oral and ophthalmic beta-blocker agents – Patients should be observed for potential additive effects.


    Digoxin – The concurrent use of digoxin and beta-blockers may induce serious bradycardia.


    Antidiabetic medicines – The dosage of the hypoglycaemic agent may need to be reduced. Beta-adrenergic blockade may also mask the premonitory signs of hypoglycaemia.


    NSAIDs – The antihypertensive effects of beta-blockers may be opposed.


    Administration


    Most beta-blockers may be taken without regard to food. Carteolol and carvedilol should be taken with or just after a meal. Celiprolol and propranolol should be taken on an empty stomach.


    Beta-blocker eye drops may contain benzalkonium chloride. As this agent may irritate the eyes and discolour soft contact lenses, contact with soft contact lenses should be avoided. Patients should remove contact lenses before application of the eye drops and wait at least 15 minutes before reinsertion.


    Monitoring


    
      	Pulse and blood pressure should be measured routinely, especially during the initiation of the treatment, dose adjustments or when another drug is added or reduced. The blood pressure should be measured just before the next dose, to ensure that the effect of the treatment is present for a satisfactory period.


      	Baseline renal function should be assessed.


      	Liver function tests should be performed at regular intervals during long-term treatment.


      	Diabetic patients should monitor blood glucose concentrations.

    


    Overdose


    The pharmacological properties of the specific drug ingested determine the manifestations, particularly the beta-1 selectivity, intrinsic sympathomimetic activity, and membrane-stabilizing properties of the drug. Hypotension, bradycardia, prolonged AV conduction times, and widened QRS complexes are common manifestations of overdosage. Seizures, depression, hypoglycaemia and bronchospasm can occur.


    Treatment of overdose should aim to remove unabsorbed drug by using induced emesis, gastric lavage, or activated charcoal. Beta-blockers with low plasma protein binding, such as acebutolol, atenolol, bisoprolol, carteolol and metoprolol can be removed by haemodialysis.


    Significant bradycardia or hypotension should be treated with atropine. A cardiac pacemaker is sometimes required. Isoprenaline or an alpha receptor agonist may be necessary to treat hypotension. Glucagon has been useful in some patients.


    A topical overdose of optic preparations may be flushed from the eyes with water.


    Dosage forms


    
      	Immediate release tablets/ capsules


      	Extended/ release tablets/ capsules


      	Intravenous solution for injection


      	Ophthalmic solution

    


    Important patient information


    
      	The use of beta-blockers should not be discontinued without a physician’s supervision.


      	If any difficulty in breathing occurs, or if the patients develop signs or symptoms of congestive heart failure or excessive bradycardia, they should consult a physician.


      	Beta-blockers may mask the manifestations of hypoglycaemia. Patients who are subject to spontaneous hypoglycaemia or diabetic patients receiving insulin or oral hypoglycaemic agents should be cautioned.


      	Patients should know how they react to this medicine before driving, operating machinery, or engaging in tasks requiring alertness.


      	For the ophthalmic preparations: for topical use only. Care should be taken not to touch the eyelids or surrounding areas with the bottle's dropper tip to prevent contamination.


      	Remove soft contact lenses before application of eye drops that contain benzalkonium chloride. Afterwards, wait at least 15 minutes before reinserting the contact lenses.


      	If more than one topical ophthalmic medicinal product is being used, the medicines must be administered at least 5 minutes apart. Eye ointments should be administered last.

    


    Substances with INNs*


    arnolol (56), arotinolol (48), atenolol (33), befunolol (39), betaxolol (40), bevantolol (36), bisoprolol (48), bometolol (42), bopindolol (42), bornaprolol (46), bucindolol (43), bucumolol (35), bufetolol (30), bunitrolol (28), bunolol (22), bupranolol (27), butocrolol (38), butofilolol (40), carazolol (36), carpindolol (42), carteolol (35), celiprolol (35), cetamolol (47), cicloprolol (48), cinamolol (44), cloranolol (41), crinolol (41) (replaced by pacrinolol (44)), dexnebivolol (98), dexpropranolol (21), diacetolol (41), draquinolol (54), ecastolol (56), epanolol (52), ericolol (50), esatenolol (76), esmolol (50), exaprolol (32), falintolol (53), flestolol (53), flusoxolol (50), idropranolol (31), imidolol (49) (replaced by adimolol (50)), indenolol (37), indopanolol (48), iprocrolol (39), isoxaprolol (45), landiolol (75), levobetaxolol (61), levobunolol (42), levomoprolol (58), levonebivolol (98), mepindolol (36), metipranolol (38), metoprolol (30), moprolol (36), nadolol (34), nadoxolol (28), nafetolol (39), nebivolol (56), nipradilol (50) (previously nipradolol (49)), oxprenolol (20), pacrinolol (44), pafenolol (46), pamatolol (36), pargolol (36), penbutolol (25), penirolol (36), pindolol (23), pirepolol (48), practolol (23), primidolol (42), procinolol (25), propranolol (15), ridazolol (51), ronactolol (57), soquinolol (43), spirendolol (46), talinolol (28), tazolol (31), teoprolol (43), tertatolol (48), tienoxolol (56), tilisolol (57), timolol (29), tiprenolol (23), tolamolol (29), toliprolol (28), trigevolol (56), xibenolol (48), xipranolol (22 zenidolol (128), zoleprodolol (102)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      10. Calcium channel blockers


      -dipine – calcium channel blockers, nifedipine (dihydropyridine) derivatives 
 -pamil – calcium channel blockers, verapamil (phenylalkylamine) derivatives 
 -tiazem – calcium channel blockers, diltiazem (benzothiazepine) derivatives

    

    
      C – Cardiovascular system


      C08 – Calcium channel blockers


      C08C – Selective calcium channel blockers with mainly vascular effects


      C08D – Selective calcium channel blockers with direct cardiac effects


      C08DA – Phenylalkylamine derivatives


      C08DB – Benzothiazepine derivatives

    


    Stem


    -dipine – calcium channel blockers, nifedipine (dihydropyridine) derivatives


    -pamil – calcium channel blockers, verapamil (phenylalkylamine) derivatives


    -tiazem – calcium channel blockers, diltiazem (benzothiazepine) derivatives


    Medical substances related to the class


    -dipine


    
      	amlodipine


      	alevidipine


      	aranidipine 


      	azelnidipine


      	barnidipine


      	benidipine


      	cilnidipine 


      	efonidipine


      	felodipine


      	isradipine


      	lacidipine


      	lercanidine


      	manidipine


      	nicardipine


      	nifedipine


      	nilvadipine


      	nimodipine


      	nisoldipine


      	pranidipine

    


    -pamil


    
      	verapamil


      	gallopamil

    


    -tiazem


    
      	diltiazem

    


    
      Calcium channel blockers – a summary


      Calcium channel blockers are divided into three structural classes (indicated by the stems -dipine, -pamil and -tiazem) with distinct pharmacological profiles. The main division is into dihydropyridines (e.g. amlodipine) and non-dihydropyridines (verapamil, diltiazem). Amlodipine and verapamil are included in WHO's Essential Medicines List.


      These medicines block L-type calcium channels but bind to different sites on the α1 subunit. Dihydropyridines primarily cause vasodilatation, while non-dihydropyridines also reduced cardiac contractility and conduction. Most calcium channel blockers undergo extensive first-pass metabolism via CYP3A4, leading to low bioavailability (except amlodipine) and significant drug interactions.


      Relevant adverse reactions include reflex tachycardia with dihydropyridines, and bradycardia/heart block with non-dihydropyridines. Peripheral oedema is common. Calcium channel blockers are among the preferred medicines for hypertension in pregnancy (particularly nifedipine), in elderly people, and in African ancestry patients. Most require dosage adjustment in hepatic rather than renal impairment.

    


    WHO’s list of essential medicines


    Verapamil is included in the 23rd WHO Model List of Essential Medicines (published in 2023) and is classified twice: under anti-anginal and anti-arrhythmic medicines. Amlodipine is included on the list as the representative long-acting dihydropyridine calcium channel blocker under antihypertensive medicines, alone or in combination with other antihypertensives. Nifedipine is included under tocolytics.


    Main indications*


    
      	Hypertension


      	Chronic stable angina


      	Variant Angina


      	Exercise-induced angina


      	Unstable angina (acute coronary syndrome)

    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Other uses


    
      	Cluster and migraine headaches


      	Symptomatic relief in Raynaud disease


      	Verapamil and diltiazem (but not dihydropyridines) may be used as anti-arrhythmic agents in supraventricular tachyarrhythmias.


      	Verapamil improves left ventricular outflow obstruction and symptoms in patients with hypertrophic cardiomyopathy.


      	Nimodipine is indicated for the treatment of ischaemic neurological deficits following aneurysmal subarachnoid haemorrhage.

    


    Off-label uses


    
      	Relaxation of the myometrium to reduce preterm uterine contractions in preterm labour


      	Hypertensive emergency in pregnancy


      	Achalasia


      	High altitude pulmonary oedema (prevention and treatment)


      	Hiccup in palliative care

    


    Mechanism of action


    The different calcium channel blockers (CCBs) classes are often grouped together. But, as can be understood from the different stems used for each class, they differ in various ways, including their chemical structure, pharmacodynamic effects, drug interactions and toxicities. CCBs are mainly divided into two major groups: the dihydropyridines and the non-dihydropyridines. While dihydropyridines are used as vasodilators, the non-dihydropyridines are less potent vasodilators and are also used to decrease cardiac contractility and conduction.


    In both cardiac and vascular smooth muscle cells, raised calcium levels in the cytosol lead to contraction. Entry of extracellular calcium into the cardiac myocytes induces calcium release from its intracellular stores, which initiates the contraction twitch. Entry of calcium into smooth muscle cells plays a dominant role in the contraction of vascular smooth muscle. However, the release of calcium from intracellular storage sites also contributes to the effect.


    All CCBs bind to the alpha-1 subunit of the L-type voltage-gated calcium channels, while the distinct classes bind to different sites on the subunit. As a result of the blockage induced by CCBs, the calcium flux through the channel is reduced. In vascular smooth muscle, this leads to relaxation, especially in the arterial beds. In cardiac myocytes, this causes negative inotropic effects.


    The hemodynamic profiles of the CCBs depend mainly on the ratio of vasodilating and negative inotropic (=the force of muscular contractions) and chronotropic (=the time or rate) effects on the heart. Dihydropyridines act mainly on blood vessels in lower concentrations; diltiazem and verapamil are hardly selective.


    The calcium channel blockers most studied and used for the treatment of hypertension are long-acting dihydropyridines, which demonstrate efficacy at once-daily dosing (e.g. amlodipine, felodipine, lercanidipine, and sustained-release formulations of others). Compared to other antihypertensives as monotherapy, CCBs may be more efficient in achieving blood pressure control in the elderly and in people of African descendent, in which low renin status is more prevalent.


    Adverse reactions


    Cardiovascular – The decrease in arterial blood pressure caused by the CCB elicits reflex sympathetic activation, stimulating heart rate, AV conduction velocity, and myocardial force. The different effects are usually balanced while using verapamil and diltiazem. However, sympathetic stimulation using dihydropyridines may increase heart rate and contractility. On the other hand, the cardiac depressing effects of dihydropyridines may be unmasked in the presence of beta-blockers and in patients with heart failure.


    Increased angina or myocardial infarction – Worsening angina and acute myocardial infarction can develop after starting or increasing the dose of dihydropyridines, particularly in patients with severe obstructive coronary artery disease.


    Hypotension – Symptomatic hypotension is possible, particularly in patients with severe aortic stenosis.


    Flushing, headache and dizziness are caused due to arteriolar dilation induced by dihydropyridines, especially the short-acting ones, such as nifedipine in immediate-release dosage forms. Sustained release dosage forms and agents with long half-lives provide more constant plasma concentration, with less dizziness and flushing.


    Peripheral oedema – Precapillary dilatation and the reflex post-capillary constriction, induced by CCBs, may result in increased hydrostatic pressure in the lower extremities.


    Gastrointestinal side-effects, such as gastroesophageal reflux and constipation – are mostly common with verapamil and are caused by CCBs actions in nonvascular smooth muscle. Other adverse effects include urinary retention, rash and elevations of liver enzymes.


    Drug-induced gingival overgrowth – Dental hygiene is recommended.


    Common contraindications


    
      	Hypersensitivity to the active ingredient or other components of the formulation


      	Hypotension (<90 mmHg systolic pressure) or cardiogenic shock (verapamil, diltiazem)


      	Sick sinus syndrome (except in patients with pacemakers) (verapamil, diltiazem)


      	2nd or 3rd-degree AV block (except in patients with a pacemaker) (verapamil, diltiazem)

    


    Warnings and precautions


    Increased angina and/or myocardial infarction – Patients have developed/increased frequency and/or duration and/or severity of angina or acute myocardial infarction. This happened particularly in patients with severe obstructive coronary artery disease while starting the treatment with dihydropyridines or at the time of dosage increase.


    Hypotension, dizziness or syncope – CCBs may decrease blood pressure below normal levels, resulting in dizziness or symptomatic hypotension. These responses are more common during initial drug titration or at the time of upward dosage adjustment and are more likely in patients on concomitant beta-blockers.


    Heart failure – Some patients have developed heart failure after beginning treatment with a CCB. This is attributed to the negative ionotropic effect and, therefore, is mostly significant with verapamil and diltiazem. Patients receiving a beta-blocker and patients with tight aortic stenosis may be at greater risk for such events.


    Elevations of transaminases with or without concomitant elevations in alkaline phosphatase and bilirubin – monitor liver function.


    Hepatic impairment – The clearance of many CCBs is hepatic and is reduced in patients with hepatic impairment. Use with caution in patients with hepatic impairment, monitor closely for adverse effects and toxicity and consider dose adjustments.


    Conduction abnormalities – Using CCBs, especially the non-dihydropyridines, may lead to an AV block or sinus bradycardia. In these cases, a dosage reduction or discontinuation of the therapy should be considered. Conduction abnormalities are more likely to occur in patients with a sick sinus syndrome or in patients who are using concomitantly other agents that are slowing the cardiac conductance.


    Patients with hypertrophic cardiomyopathy – Caution should be practised. Sinus bradycardia, pulmonary oedema, severe hypotension, second-degree AV block, sinus arrest and death occurred in some patients.


    CCBs do not protect against the dangers of abrupt beta-blocker withdrawal. Therefore, when the treatment with a beta-blocker is replaced with a CCB, the beta-blocker dosage should be decreased gradually.


    Use in specific populations


    Pregnancy – CCBs are among the antihypertensive drugs of choice in pregnancy, after methyldopa and metoprolol. Nifedipine and verapamil are the most evaluated CCBs for the treatment of hypertension, followed by amlodipine and diltiazem. CCBs as nifedipine or nicardipine, are also used as tocolytics (=medications that are used to prevent contractions or suppress labour).


    Nursing mothers – The infant dose of verapamil, diltiazem and nifedipine is relatively small. The drug should be selected depending on the indication and the information available regarding the drug. Nifedipine is used for the treatment of Raynaud phenomenon in nursing mothers.


    Paediatric use – The available data regarding the use of CCBs in the paediatric population are limited, although calcium channel blockers appear to be effective and tolerated in hypertensive children. Amlodipine is the only CCB approved for the treatment of paediatric hypertension.


    Geriatric use – Due to the greater frequency of decreased hepatic, renal or cardiac function in the elderly population and to a higher probability of concurrent diseases or other drug therapies, special caution should be exercised when initiating treatment in the elderly. Treatment should be initiated at the low end of the dose range, with a gradual titration according to the clinical response.


    Renal impairment – Most CCBs do not accumulate in patients with impaired kidney function, except for nicardipine and nimodipine. However, while choosing a treatment, other differences should be considered, as well as comorbidities and other medications the patient takes. As dihydropyridines are more selective for vascular smooth muscle, their side-effects may include fluid retention and ankle oedema, which can be problematic in patients with chronic kidney disease.


    Older dihydropyridine CCBs increase urine and albumin excretion, while non-dihydropyridines are less associated with this side-effect. Newer dihydropyridines, such as manidipine and cilnidipine, are less prone to increasing albumin excretion and may even reduce it.


    Hepatic impairment – The clearance of CCBs is mainly hepatic and, therefore, reduced in the presence of hepatic impairment. Caution should be exercised in patients with hepatic impairment, including considering dose reduction and close monitoring of adverse effects and toxicities.


    Decreased neuromuscular transmission – verapamil decreases neuromuscular transmission in patients with Duchenne's muscular dystrophy. It prolongs the recovery from the neuromuscular blocking agent vecuronium and causes a worsening of myasthenia gravis. Dosage reduction may be necessary in patients with attenuated neuromuscular transmission.


    Pharmacokinetics


    CCBs exhibit marked clinically relevant differences in their pharmacokinetics. Apart from amlodipine, most of the drugs belonging to this group exhibit low bioavailability due to an extensive metabolism by cytochrome P450 3A4 (CYP3A4) enzymes in the intestinal epithelium and the liver. Therefore, their bioavailability may be increased by liver impairment and during concurrent use of strong CYP3A4 inhibitors (such as macrolide antibiotics and antiretroviral agents) and reduced by CYP3A4 inducers (such as rifampicin, carbamazepine, phenobarbital and hypericum).


    Some CCBs, particularly verapamil, are also strong CYP3A4 inhibitors and cause clinically relevant drug interactions with other CYP3A4 substrates. In addition, verapamil inhibits the intestinal and renal ABC transport protein P-gp and can thereby increase plasma levels of digoxin, cyclosporine and others.


    As many of these drugs are excreted in the urine, their levels may be increased in patients with renal impairment, as well as in older patients.


    Most calcium channel blockers are highly bound to plasma proteins and therefore are only poorly dialysable.


    Drug–drug interactions


    Pharmacokinetic interactions – Many CCBs are metabolized by the cytochrome P450 3A4 (CYP3A4) system. Drugs that are known to either inhibit or induce this system may alter the first pass or the clearance of the CCB. Drugs which are known inhibitors of CYP3A4 and may lead to increased plasma concentrations include macrolide antibiotics (such as erythromycin), anti-HIV protease inhibitors (such as ritonavir), azole antimycotics (such as ketoconazole), antidepressants (such as fluoxetine) and more. Grapefruit juice may also significantly increase the CCB levels by inhibiting the CYP3A4 system. Drugs that induce the CYP3A4 system, such as rifampicin and phenobarbital, phenytoin or carbamazepine, may decrease the CCB levels. When co-administrating these medicines, the blood pressure should be monitored, and the dose should be titrated accordingly. Many CCBs also inhibit the CYP3A4 system.


    Other antihypertensives – Concomitant use may increase the blood pressure-lowering effect (diuretics, beta-blockers, ACE inhibitors, alpha-1 adrenergic blocking agents, PDE5 inhibitors).


    Beta-blockers – The concomitant use of CCB and beta-blockers may lead to excess bradycardia and AV block. The treatment should be closely monitored.


    Quinidine – The concurrent use of quinidine and verapamil may cause excessive hypotension due to pharmacodynamic and pharmacokinetic reasons (quinidine is a CYP3A4 substrate and P-gp inhibitor).


    Digoxin – AV nodal conduction disturbances may be observed for pharmacodynamic and pharmacokinetic reasons. Digoxin levels should, therefore, be monitored when initiating, adjusting, and discontinuing those agents in order to avoid possible over- or under-digitalization.


    Cyclosporine, tacrolimus – Concomitant administration of a CCB and cyclosporine may result in elevated plasma cyclosporine levels through the inhibition of hepatic enzymes, including CYP3A4. Plasma concentrations of cyclosporine should be monitored, and dosages should be titrated accordingly.


    Anaesthesia – CCBs may potentiate the depression of cardiac contractility, conductivity, automaticity and the vascular dilatation, that are associated with anaesthetics. Anaesthetics and CCBs should be titrated carefully when used concomitantly.


    Alcohol may potentiate the effect of vasodilating antihypertensive drugs and, therefore, should be avoided.


    Administration


    
      	CCBs can be used alone and also combined with other agents (ACE inhibitors, beta-blockers, and other antihypertensives).


      	Food has only a little effect on the absorption of most CCBs, except for some exceptions.


      	Grapefruit juice may increase the bioavailability and serum concentration of CCBs by suppressing CYP3A4.

    


    Monitoring


    
      	Blood pressure should be evaluated.


      	Periodic monitoring of liver function is recommended.


      	Renal function should be monitored.

    


    Overdose


    Reported effects include hypotension, bradycardia, cardiac conduction defects, arrhythmias, hyperglycaemia, and decreased mental status.


    There is no specific antidote for overdose of calcium channel blockers. The treatment is supportive. Delayed pharmacodynamic consequences may occur with sustained-release formulations. Patients should be observed, preferably under continuous hospital care. In acute overdosage, consider gastrointestinal decontamination.


    Calcium, inotropic agents, atropine sulfate, vasopressors and cardiac pacing have been used with variable results to reverse hypotension and myocardial depression.


    Most of them are highly bound to plasma proteins, so CCBs cannot be removed by haemodialysis.


    Dosage forms


    
      	Immediate release tablets/ capsules


      	Extended/ release tablets/ capsules


      	Intravenous solution/ emulsion for injection


      	Cream/ gel/ ointment for topical use

    


    Important patient information


    
      	Do not crush or chew extended-release tablets/ capsules.


      	The use of calcium channel blockers may cause dizziness. Patients should avoid driving or operating machinery if they experience dizziness or related symptoms.

    


    Substances with INNs*


    -dipine


    amlodipine (53), clevidipine (75), darodipine (51) (replaces dazodipine (49)), dexniguldipine (67), elgodipine (61), elnadipine (59), felodipine (44), flordipine (48), isradipine (55), lacidipine (57), lemildipine (69), levamlodipine (97), levniguldipine (67), mesudipine (40), nicardipine (42), nifedipine (27), niguldipine (60), niludipine (38), nilvadipine (52), nimodipine (40), nisoldipine (42), nitrendipine (42), olradipine (69), oxodipine (52), riodipine (51), sagandipine (64), teludipine (64) (previously teludipine (61))


    -pamil


    anipamil (49), dagapamil (52), devapamil (53), dexverapamil (65), emopamil (52), etripamil (113), falipamil (48), gallopamil (38), levemopamil (62), nexopamil (67), ronipamil (51), tiapamil (43), verapamil (16)


    -tiazem


    clentiazem (61), diltiazem (30), iprotiazem (56), nictiazem (54), siratiazem (68)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      11. Angiotensin-converting enzyme inhibitors (ACE inhibitors)


      -pril – angiotensin-converting enzyme inhibitors 
 -prilat (for the diacid analogues of the -pril entity)

    

    
      C – Cardiovascular system


      C09 – Agents acting on the renin–angiotensin system


      C09A – Angiotensin-converting enzyme inhibitors (ACE inhibitors)


      C09AA – ACE inhibitors, plain

    


    Stem


    -pril – angiotensin-converting enzyme inhibitors


    -prilat (for the diacid analogues of the -pril entity)


    Medical substances related to the class


    
      	alacepril 


      	benazepril 


      	captopril


      	cilazapril 


      	delapril 


      	enalapril


      	enalaprilat


      	fosinopril


      	imidapril


      	lisinopril


      	moexipril


      	perindopril


      	quinapril


      	ramipril


      	spirapril 


      	temocapril 


      	trandolapril 


      	zofenopril

    


    
      Angiotensin-converting enzyme inhibitors (ACE inhibitors) – a summary


      ACE inhibitors are a class of medications (identified by the stem -pril) that prevent the conversion of angiotensin I to angiotensin II, thereby reducing blood pressure and inducing sodium secretion. They are primarily indicated for hypertension, heart failure, and diabetic nephropathy. Enalapril and lisinopril are included in WHO's Essential Medicines List.


      The class has distinctive characteristics: most are prodrugs (except lisinopril), and while most have predominant renal clearance, some (fosinopril, imidapril, quinapril, temocapril, trandolapril) have significant hepatic clearance. Their unique adverse reactions profile includes a characteristic dry cough (5–20% of patients) due to bradykinin accumulation, and a risk of angioedema (more common in African ancestry patients).


      Relevant contraindications include pregnancy (especially second and third trimesters), a history of angioedema, and concurrent use of aliskiren in patients with diabetes. Dual RAAS blockade requires careful monitoring, because of increased risks of hypotension, hyperkalaemia, and impaired renal function.

    


    WHO’s list of essential medicines


    Enalapril and lisinopril represent the angiotensin-converting enzyme inhibitors (ACE inhibitors) drug class in the 23rd WHO Model List of Essential Medicines (published in 2023). Both are listed for the treatment of hypertension (lisinopril as a part of a combined treatment with either amlodipine or hydrochlorothiazide). Enalapril is also classified under medicines used for heart failure.


    Enalapril also represents this drug class in the 9th Model List of Essential Medicines for Children (published in 2023) under antihypertensive medicines.


    Main indications*


    
      	Management of hypertension


      	Treatment of left ventricular dysfunction


      	Treatment of heart failure


      	Risk reduction of myocardial infarction, stroke, and death from cardiovascular causes


      	Diabetic nephropathy


      	Intravenous enalaprilat is used for the treatment of hypertensive urgency or emergency.

    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Off-label uses


    
      	Treatment of coronary diseases and syndromes, such as non-ST-elevation acute coronary syndrome, stable coronary artery disease, and ST-elevation acute coronary syndrome


      	Treatment of hypertensive crisis


      	Prevention of ventricular failure, post-myocardial infarction


      	Treatment of idiopathic oedema

    


    Mechanism of action


    Angiotensin II is a potent vasoconstrictor, which plays a major role in the blood pressure homeostasis. It increases the total peripheral resistance, alters the renal function and the cardiovascular structure. ACE inhibitors prevent the conversion of angiotensin I to angiotensin II by angiotensin converting enzyme. This results in a reduction of blood pressure and induces sodium secretion.


    As ACE has several substrates, its inhibition may drive some other effects, such as the accumulation of bradykinin. This may contribute to the vasodilator activity, but also plays a role in a typical ACE inhibitors side-effect: cough. Another effect is an increase in the circulating levels of the natural stem cell regulator Ac-SDKP, which may play a role in the cardio protective effect of ACE inhibitors.


    ACE inhibitors slow the development and progression of diabetic glomerulopathy and other forms of chronic renal disease. Administration of ACE inhibitors in the immediate post myocardial infraction period has been shown to improve ventricular function and reduce morbidity and mortality.


    ACE inhibitors enhance the efficacy of diuretics, as they diminish the rise in aldosterone concentrations in response to loss of sodium. Therefore, the combination of a diuretic and an ACE inhibitor may substantially improve the antihypertensive effect. Attenuation of aldosterone production also influences the potassium homeostasis, with a rise in serum K+ levels. Substantial retention of potassium can occur in patients with renal insufficiency or when using other medicines that can lead to K+ retention.


    Adverse reactions


    Hyperkalaemia – Patients with normal renal function rarely present with hyperkalaemia. Renal insufficiency, diabetes, old age or concomitant use of medicinal products that may increase potassium levels (such as potassium-sparing diuretics, potassium supplements, salt substitutes containing potassium or others) may increase serum potassium levels.


    Cough – ACE inhibitors induce a bothersome, dry cough in 5–20% of patients. The cough is mediated by lungs accumulation of bradykinin, substance P, or prostaglandins. Dose reduction or switching to an ARB is sometimes effective. The cough usually disappears within 4 days after the ACE inhibitor is stopped.


    Angioedema – A rare but serious and potentially fatal adverse effect of ACE inhibitors. Angioedema is a class effect of ACE inhibitors, and therefore patients who have it should not be prescribed other drugs within this class. It is more common in patients of African ancestry.


    Renal function – The glomerular filtration rate does not change in most patients using ACE inhibitors. In some suspected patients (such as patients with pre-existing renal disease), administration of an ACE inhibitor may cause a reduction in glomerular filtration rate. Serum potassium and creatinine levels should be monitored.


    Hypotension – Some patients, especially those with a very active renin–angiotensin–aldosterone system (RAAS), are more prone to the hypotensive effect following the initial administration of ACE inhibitors. Therefore, it is advisable to initiate the therapy with a low dose in patients with congestive heart failure, volume or salt depletion.


    Other adverse effects – Dizziness, fatigue, headache, nausea and vomiting.


    Common contraindications


    
      	Hypersensitivity to the active ingredient, any of the excipients or other ACE inhibitor


      	History of angioedema associated with previous ACE inhibitor therapy


      	Hereditary/idiopathic angioedema


      	Second and third trimesters of pregnancy


      	According to the European Medicines Agency (EMA), concomitant use of ACE inhibitors with aliskiren-containing products is contraindicated in patients with diabetes mellitus or renal impairment (eGFR <60 mL/min/1.73 m2). This dual treatment is contraindicated by the US Food and Drug Administration (US FDA) in patients with diabetes.

    


    Warnings and precautions


    Dual blockade of the renin–angiotensin–aldosterone system (RAAS) – The concomitant use of ACE inhibitors, angiotensin II receptor blockers or aliskiren increases the risk of hypotension, hyperkalaemia and decreased renal function. Therefore, dual blockade of RAAS is not recommended. If dual blockade therapy is considered absolutely necessary, specialist supervision and close monitoring of renal function, electrolytes, and blood pressure should be provided. ACE inhibitors and angiotensin II receptor blockers should not be used concomitantly in patients with diabetic nephropathy. The US FDA has issued a warning to avoid the use of aliskiren with ACE inhibitors in patients with moderate to severe renal impairment.


    Hypotension – ACE inhibitors may cause a profound fall in blood pressure, especially after the first dose. This is more likely to occur in patients who are volume-depleted by diuretic therapy, dietary salt restriction, dialysis, diarrhoea or vomiting. It has been reported mainly in patients with severe heart failure with or without associated renal insufficiency.


    Neutropenia/ agranulocytosis – Neutropenia/ agranulocytosis, thrombocytopenia and anaemia have been reported rarely in patients receiving ACE inhibitors. In patients with normal renal function and no other complicating factors, neutropenia occurs rarely. ACE inhibitors should be used with extreme caution in patients with collagen vascular disease, immunosuppressant therapy, treatment with allopurinol or procainamide, or a combination of these complicating factors, especially if pre-existing impaired renal function exists. When an ACE inhibitor is used in such patients, it is advised that white blood cell count and differential counts be performed before therapy, and periodically thereafter. The treatment should be withdrawn if neutropenia is detected or suspected.


    Renal function – Changes in renal function may be anticipated in susceptible individuals, due to the inhibition of the RAAS. Renal failure has been reported in association with the use of ACE inhibitors, mainly in patients with severe cardiac failure or underlying renal disease, including renal artery stenosis. Some patients, with no apparent pre-existing renal disease, may develop increases in blood urea and creatinine concentrations when a diuretic is given concomitantly.


    In addition, impaired renal function increases the exposure to most ACE inhibitors. Therefore, ACE inhibitors should be used with caution in patients with renal insufficiency, and dosages are usually reduced in patients with renal impairment. Close monitoring of renal function during therapy should be performed.


    Primary aldosteronism – Patients with primary aldosteronism generally do not respond to antihypertensive drugs acting through inhibition of the RAAS. Therefore, the use of ACE inhibitors is not recommended in these patients.


    Angioedema – Angioedema of the face, extremities, lips, mucous membranes, tongue, glottis and/or larynx may occur in patients treated with ACE inhibitors. In patients with angioedema, treatment with ACE inhibitors should be discontinued and replaced by an agent belonging to another class of drugs. If tongue, glottis or larynx are likely to cause airway obstruction, appropriate therapy should be administered promptly. Patients of African ancestry receiving ACE inhibitors have been reported to have a higher incidence of angioedema compared to non-African-American. Patients with a history of angioedema unrelated to ACE inhibitor therapy may also be at increased risk of angioedema while receiving an ACE inhibitor.


    Cough – A dry and non-productive cough may occur during treatment with ACE inhibitors. The cough usually disappears after discontinuation of the treatment.


    Hyperkalaemia may occur during treatment with an ACE inhibitor, especially in the presence of renal insufficiency and/or heart failure, or during concomitant use of potassium supplements or potassium-sparing diuretics. If concomitant use of the above-mentioned agents is deemed appropriate, serum potassium should be frequently monitored.


    Surgery/anaesthesia – ACE inhibitors may cause hypotension in patients undergoing major surgery or during anaesthesia. If it is impossible to withhold the ACE inhibitor, intravascular and plasma volumes should be carefully monitored.


    Pregnancy – The use of ACE inhibitors is not recommended during the first trimester of pregnancy and is contraindicated during the second and third trimesters of pregnancy.


    Anaphylactic and anaphylactoid reactions – The likelihood and severity of anaphylactic and anaphylactoid reactions is increased under ACE inhibition. A temporary discontinuation of the ACE inhibitor should be considered before desensitization processes and low-density lipoprotein (LDL) apheresis with dextran sulfate. Caution should be exercised regarding patients undergoing dialysis with high flux membranes while treated with ACE inhibitors: using a different type of dialysing membrane or a different class of hypertensive treatment should be considered.


    Liver disease – Rarely, ACE inhibitors have been associated with a syndrome beginning as a cholestatic jaundice and progressing to a fulminant hepatic necrosis (in some cases fatal). Patients experiencing jaundice or clearly elevated hepatic enzymes during therapy should discontinue the use of the ACE inhibitor and receive appropriate medical follow-up.


    Use in specific populations


    Pregnancy – ACE inhibitors should not be initiated during pregnancy. Fetal exposure to ACE inhibitors during the second and third trimesters is contraindicated. It has been associated with neonatal hypotension, renal failure, face or skull deformities and/or death, maternal oligohydramnios with associated limb contractures, craniofacial deformities, hypoplastic lung development and intrauterine growth retardation. It is unknown whether exposure in the first trimester can adversely affect fetal outcomes. In women planning to become pregnant, ACE inhibitors should not be used. Women of childbearing age should be aware of the potential risk, and ACE inhibitors should be given only after careful counselling and consideration of individual risks and benefits.


    Nursing mothers – In general, only insufficient information is available regarding the use of most ACE inhibitors during breastfeeding. Therefore, alternative treatments with a better-established safety profile are preferred, especially while nursing a newborn or preterm infant. The levels of benazepril, captopril, enalapril and quinapril in breast milk are low. Since the amounts the infant ingest are small, they would not be expected to cause any adverse effects in breastfed infants.


    Paediatric use – The pharmacokinetics, efficacy and safety of benazepril, captopril, enalapril, lisinopril and quinapril have been evaluated in hypertensive paediatric patients. Treatment with benazepril and lisinopril is not recommended in paediatric patients younger than 6 years.


    Geriatric use – There is a greater chance of undesirable effects, especially in very old and frail patients. It is advisable to initiate the treatment with lower doses, and subsequent dose titration should be more gradual.


    Ethnic differences – Hypertensive patients of African ancestry have a smaller average response to ACE inhibitors and a higher rate of angioedema than non-African American patients.


    Renal impairment – ACE inhibitors should be used with caution in patients with renal insufficiency. Reduced doses may be required. Close monitoring of renal function during therapy should be performed. Renal failure has been reported in association with ACE inhibitors, mainly in patients with severe heart failure or underlying renal disease. Some patients have developed increases in blood urea and creatinine concentrations, particularly when a diuretic is given concomitantly. Dosage reduction of the ACE inhibitor and/or discontinuation of the diuretic may be required. Hyperkalaemia is more common in patients with impaired renal function.


    Hepatic impairment – The exposure to the prodrug, active ingredient or metabolites may be altered in the presence of hepatic impairment. Particular caution and close monitoring should be applied to patients with impaired liver function.


    Pharmacokinetics


    The many existing ACE inhibitors differ in their potency and pharmacokinetics. Most ACE inhibitors are ester-containing prodrugs with better oral bioavailability. Enalaprilat is the active metabolite of the orally administered prodrug, enalapril maleate. It is poorly absorbed orally and, therefore, is given intravenously when oral therapy is not practical.


    Many ACE inhibitors have a prolonged terminal elimination phase with a biphasic elimination profile. This presumably reflects the slow release of drugs bound to the ACE. Captopril has a very short half-life and, therefore, is not the optimal choice for the treatment of hypertension.


    Most ACE inhibitors have a predominant renal clearance. Fosinopril, imidapril, quinapril, temocapril and trandolapril also have a significant hepatic clearance.


    Drug–drug interactions


    Dual blockade of the renin–angiotensin–aldosterone system (RAAS) through the combined use of ACE inhibitors, angiotensin II receptor blockers or aliskiren is associated with a higher frequency of adverse events as hypotension, hyperkalaemia and decreased renal function, compared to the use of a single RAAS acting agent.


    Aliskiren-containing products – According to the European Medicines Agency (EMA), concomitant use of ACE inhibitors with aliskiren-containing products is contraindicated in patients with diabetes mellitus or renal impairment (GFR <60 mL/min/1.73 m2). According to the US Food and Drug Administration (US FDA), concomitant use of this combination is contraindicated in patients with diabetes and should be avoided in patients with renal impairment.


    Potassium-sparing diuretics and potassium supplements – ACE inhibitors attenuate potassium loss. Potassium-sparing diuretics, potassium supplements, heparin or potassium-containing salt substitutes may significantly increase serum potassium. If concomitant use is indicated, caution should be exercised.


    Diuretics – Patients using diuretics may experience an excessive reduction in blood pressure after initiation of therapy with an ACE inhibitor, especially if they are volume or salt-depleted. Initiation of therapy with lower doses can reduce the risk for hypotensive effects. Dose increases should be performed with caution.


    Lithium – Concomitant administration of ACE inhibitors may reduce the excretion of lithium. Serum lithium levels should be monitored.


    Anaesthetic medicinal products – ACE inhibitors may enhance the hypotensive effects of certain anaesthetic medicinal products.


    Other antihypertensive agents – Beta-blockers, alpha-blockers and diuretics may increase the hypotensive effect of ACE inhibitors.


    Ciclosporin – Increased risk for renal dysfunction when ACE inhibitors are used concomitantly, and an increased risk for leukopenia.


    Allopurinol – Increased risk of hypersensitivity reactions when ACE inhibitors are used concurrently, in addition to an increased risk for leukopenia.


    Insulin or oral hypoglycaemic treatments – Increased risk of hypoglycaemia when ACE inhibitors are used concurrently.


    Non-steroidal anti-inflammatory drugs (NSAIDs) – Administration of NSAIDs may reduce the antihypertensive effect of ACE inhibitors. Furthermore, NSAIDs and ACE inhibitors exert an additive effect on the increase in serum potassium, whereas renal function may decrease.


    Antacids may reduce the bioavailability of ACE inhibitors.


    Sympathomimetic agents may reduce the antihypertensive effects of ACE inhibitors.


    Gold – Facial flushing, nausea, vomiting and hypotension have been reported in patients using concomitantly an ACE inhibitor and injectable gold.


    Alcohol, narcotic medicines, tricyclic antidepressants, antipsychotics – Enhanced risk for the hypotensive effect of ACE inhibitors.


    Administration


    
      	ACE inhibitors can be used alone or in combination with other antihypertensive agents.


      	After administration of the first dose, the risk of a profound fall in blood pressure is particularly increased. This is more likely to occur in patients who are volume depleted by diuretic therapy, dietary salt restriction, dialysis, diarrhoea or vomiting.


      	Most ACE inhibitors are approved for a once daily use. Even though, in many patients, the blood pressure-lowering effect does not last for 24 hours. In these patients, dividing the daily dose into two portions could result a better blood pressure control.


      	Achievement of optimal blood pressure reduction may require several weeks of therapy. The antihypertensive effects are maintained during long-term therapy. Abrupt withdrawal of therapy has not been associated with a rapid increase in blood pressure (rebound effect).


      	Most ACE inhibitors may be taken without regard to food. Captopril, moexipril and imidapril are better administered on fasting state.

    


    Monitoring


    
      	Blood pressure should be monitored. The subsequent dosage of the medicine should be adjusted according to the individual response a few weeks after initiation of the treatment or dose titration.


      	The renal function should be monitored before and throughout the therapy, especially during the first few weeks and in susceptible patients.


      	Serum sodium and potassium levels should be monitored.


      	White blood cell count is recommended, with more frequent monitoring in the initial phase of treatment and in prone patients, such as patients with impaired renal function, concomitant collagen disease and those treated with medicinal products that can cause changes in the blood picture.


      	The presence of protein in the urine should be screened.

    


    Overdose


    Overdose may lead to severe hypotension, shock, stupor, bradycardia, electrolyte disturbances and renal failure. The patients should be kept under close supervision, with frequent monitoring of serum electrolytes and creatinine. Measures to prevent absorption, such as gastric lavage and administration of adsorbents and sodium sulfate may be used if the ingestion is recent.


    If hypotension occurs, the patient should be placed in the supine position. The use of volume expanders and/or treatment with angiotensin II should be considered. Bradycardia or extensive vagal reactions should be treated with atropine. The use of a pacemaker may be considered. Many ACE inhibitors may be removed from the circulation by haemodialysis.


    Dosage forms


    
      	Oral tablets


      	Intravenous solution

    


    Important patient information


    
      	Patients starting treatment with ACE inhibitors should be aware of the signs and symptoms of angioedema. The use of the medicine must be stopped in such cases.


      	The blood pressure may dramatically decrease under the treatment with ACE inhibitors. This is most likely at the beginning of the treatment or upon an excessive loss of salt and water (e.g. in extensive sweating, vomiting, diarrhoea). To lower the risk of passing out or feeling dizzy, it is advised to rise slowly after sitting or lying down.


      	A health-care provider should be consulted when the patient losses body salts or water, as through vomiting, diarrhoea, and sweating more than usual.


      	Dizziness or weariness may occur under the treatment with ACE inhibitors. Patients should take this into account while driving or operating machinery.


      	Special caution should be used if the patient is about to receive an anaesthetic, even for a dental procedure. Advice from the health care provider is recommended.


      	Special caution should be used if the patient is about to have a desensitization process.


      	ACE inhibitors are not recommended during the first 3 months of pregnancy and are contraindicated after 3 months of pregnancy. In women planning to become pregnant, ACE inhibitors should not be used. Women of childbearing age should be informed of the potential risk.


      	The prescriber or pharmacist should be informed in case the patient is taking, has recently taken or might take any other medicines, especially lithium-containing medicines, medicines that may increase blood potassium levels such as salt substitutes containing potassium, potassium-sparing diuretics, angiotensin II receptor antagonists, non-steroidal anti-inflammatory medicines, heparin, immunosuppressive medicines, trimethoprim, digoxin.


      	Drinking alcohol while using ACE inhibitors may increase the risk of feeling dizziness or light-headedness.


      	The dose should be taken at the same time of the day.

    


    Substances with INNs*


    -pril


    alacepril (50), benazepril (58), captopril (39), ceronapril (64), cilazapril (53), delapril (54), enalapril (46), fosinopril (56), idrapril (66), imidapril (60), indolapril (50), libenzapril (58), lisinopril (50), moexipril (60), moveltipril (58), orbutopril (57), pentopril (53), perindopril (53), pivopril (52), quinapril (54), ramipril (52), rentiapril (55), spirapril (56), temocapril (64), trandolapril (53), utibapril (63), zabicipril (58), zofenopril (51)


    -prilat


    benazeprilat (58), cilazaprilat (54), enalaprilat (50), fosinoprilat (62), imidaprilat (71), moexiprilat (67), perindoprilat (56), quinaprilat (60), ramiprilat (53), spiraprilat (60), temocaprilat (78), trandolaprilat (60), utibaprilat (65), zabiciprilat (64), zofenoprilat (63)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      12. Angiotensin II receptor antagonists


      -sartan – angiotensin II receptor antagonists, antihypertensive (non-peptidic)

    

    
      C – Cardiovascular system


      C09 – Agents acting on the renin–angiotensin system


      C09C – Angiotensin II receptor antagonists


      C09CA – Angiotensin II receptor blockers (ARBs), plain

    


    Stem


    -sartan – angiotensin II receptor antagonists, antihypertensive (non-peptidic)


    Medical substances related to the class


    
      	azilsartan 


      	candesartan


      	eprosartan 


      	irbesartan


      	losartan 


      	olmesartan


      	telmisartan 


      	valsartan

    


    
      Angiotensin II receptor antagonists – a summary


      ARBs (identified by the stem -sartan) are antihypertensive agents that are selective antagonists of angiotensin II by blocking its binding to the AT1 receptor. Losartan and telmisartan are included in WHO's Essential Medicines List. They are indicated for hypertension, heart failure and diabetic nephropathy.


      ARBs differ from ACE inhibitors in several important respects: they block AT1 receptors directly (providing more efficient blockade), allow angiotensin II to activate AT2 receptors, and do not increase bradykinin concentrations. Most ARBs have low oral bioavailability (<50%, except azilsartan and irbesartan) and high protein binding (>90%).


      Three ARBs are prodrugs (azilsartan medoxomil, candesartan cilexetil, olmesartan medoxomil). Most undergo hepatic metabolism via CYP2C9 or glucuronide conjugation. ARBs have a lower incidence of cough and angioedema compared with ACE inhibitors, although they may cause more hypotension. Like ACE inhibitors, they are contraindicated in pregnancy (second and third trimesters).

    


    WHO’s list of essential medicines


    Losartan and telmisartan represent the angiotensin II receptor antagonists (ARB) drug class in the 23rd WHO Model List of Essential Medicines (published in 2023). Losartan is classified twice under antihypertensive medicines and medicines used in heart failure. Telmisartan is classified as a combined treatment for hypertension with either amlodipine or hydrochlorothiazide.


    Main indications*


    
      	Treatment of hypertension, alone or in combination with other antihypertensive agents


      	Treatment of congestive heart failure


      	Treatment of diabetic nephropathy in patients with elevated serum creatinine and proteinuria in patients with type 2 diabetes mellitus and a history of hypertension.

    


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Mechanism of action


    Angiotensin II is a principal pressor agent in the renin–angiotensin–aldosterone system (RAAS). Its effects include constriction of vascular smooth muscle, stimulation of synthesis and release of aldosterone, cardiac stimulation, renal reabsorption of sodium and more. ARBs selectively antagonize the effects of angiotensin II by blocking its binding with high affinity to the AT1 subtype of the angiotensin II receptor.


    As AT1 receptor mediates the negative regulatory feedback of renin release, its blockade by ARBs increases plasma renin and angiotensin II levels. The resulting increase does not overcome the antihypertensive effect of the ARBs.


    Some important differences between ARBs and angiotensin-converting enzyme inhibitors (ACE inhibitors):


    
      	Angiotensin II is produced in some different ways that do not necessarily involve the angiotensin-converting enzyme. Since ARBs block the receptor directly, AT1 activation is reduced more efficiently with ARBs than with ACE inhibitors.


      	ARBs bind the AT1 receptor with much higher affinity than to the AT2 receptor. Since ARBs do not block the conversion of angiotensin I to angiotensin II (contrary to ACE inhibitors), free angiotensin II can activate the AT2 receptors.


      	Inhibiting the conversion of angiotensin I to angiotensin II by ACE inhibitors leads to an increase in the levels of ACE substrates, including bradykinin.

    


    Adverse reactions


    ARBs are generally well tolerated. Typical adverse reactions include increased incidence of hyperkalaemia and acute renal failure. The incidence of angioedema and cough with ARBs is less than that with ACE inhibitors. Yet, cases of angioedema have been reported under the use of ARBs.


    The following are important adverse reactions:


    
      	Hyperkalaemia – Increased serum potassium levels have been reported during angiotensin II receptor blockade.


      	Impaired renal function – Changes in renal function may be anticipated in susceptible patients, particularly patients whose renal function depends in part on the activity of RAAS.


      	Hypotension – Hypotension may occur after the initiation of treatment with ARBs in patients with an activated renin–angiotensin system, such as volume or salt-depleted patients. Hypotension is more common with ARBs than with ACE inhibitors.


      	Other adverse reactions – The most common adverse reactions associated with the treatment of ARBs were dizziness, headaches and gastrointestinal disorders.

    


    Common contraindications


    
      	Hypersensitivity to the active substance or to any of the excipients.


      	Angiotensin II antagonists are contraindicated in the second and third trimesters of pregnancy and should not be used in breastfeeding mothers.


      	Biliary obstructive disorders, severe hepatic impairment, cholestasis are contraindications for some ARBs. Some ARBs are contraindicated in cases of renal insufficiency.

    


    Warnings and precautions


    Caution should be used in patients with possible depletion of intravascular volume or salt depletion (such as with patients with vomiting, diarrhoea, or when using high dosages of diuretics), as they may be more sensitive to the hypotensive effect of ARBs. Treatment should be initiated under medical supervision, and low doses should be considered.


    Activated RAAS (renin–angiotensin–aldosterone system) – In patients whose vascular tone and renal function depend predominantly on the activity of the RAAS (patients with congestive heart failure, severe renal impairment or renal artery stenosis), treatment with products that affect this system, such as ARBs, has been associated with acute hypotension, azotaemia, oliguria or, rarely, acute renal failure.


    Dual blockade of the RAAS – Concomitant use of ACE inhibitors, angiotensin II receptor blockers or aliskiren increases the risk of hypotension, hyperkalaemia and decreased renal function (including acute renal failure). Dual blockade of RAAS through the combined use of these agents is therefore not recommended. If dual blockade therapy is considered absolutely necessary, this should only occur under specialist supervision and subject to frequent close monitoring of renal function, electrolytes and blood pressure.


    Hyperkalaemia – Concomitant use of ARBs with potassium-sparing diuretics, potassium supplements, salt substitutes containing potassium or other medicinal products that may increase potassium levels (like heparin) may lead to increased serum potassium. The risk of hyperkalaemia is increased in the elderly, in patients with renal insufficiency, in diabetic patients and in patients with other comorbidities or when other medicinal product affecting the RAAS or potassium levels is taken concomitantly.


    Aortic and mitral valve stenosis, obstructive hypertrophic cardiomyopathy – Special caution is indicated in patients suffering from aortic or mitral valve stenosis, or hypertrophic obstructive cardiomyopathy.


    Hepatic impairment – Most ARBs are contraindicated in patients with severe hepatic impairment.


    Renal impairment – Changes in renal function may be anticipated in some patients (such as patients whose renal function depends on RAAS activity). In hypertensive patients with renal impairment, periodic monitoring of serum potassium and creatinine levels is recommended. In patients with severe renal impairment, the treatment with ARBs should be initiated with a low dose and carefully titrated with thorough monitoring of blood pressure. Evaluation of patients with heart failure should include periodic assessments of renal function, especially in elderly patients (75 years or older) and patients with impaired renal function.


    Primary aldosteronism – Generally, patients with primary aldosteronism do not respond to antihypertensive products acting through inhibition of the RAAS. Hence, the use of ARBs is not recommended.


    Lithium – The combination of ARBs and lithium is not recommended.


    Lactation – The use of ARBs is not recommended in breastfeeding women. Alternative treatments with better safety profiles are preferred.


    Use in specific populations


    Pregnancy – The use of ARBs is not recommended during the first trimester of pregnancy and is contraindicated during the second and third trimester of pregnancy. When pregnancy is recognized, treatment with ARBs should be stopped, and, if appropriate, alternative therapy should be started.


    Nursing mothers – No information is available regarding the use of ARBs during breastfeeding. Therefore, their use is not recommended. Alternative treatments with better-established safety profiles during breastfeeding are preferable, especially while breastfeeding a newborn or preterm infant.


    Paediatric use – The safety and efficacy of most ARBs in children and adolescents below 18 years of age have not been established. Olmesartan, losartan and valsartan are indicated for children above 6 years of age.


    Geriatric use – Generally, no dose adjustment is required. But, even when no adjustment is required, consideration can be given to a low starting dose in very elderly patients (75 years and older), who may be at increased risk of hypotension.


    Sex – Although plasma concentrations of ARBs may be higher in females than in males (such as with telmisartan and losartan), the clinical effect was not found to be significantly increased. Therefore, a dosage adjustment is not necessary.


    Renal impairment – Changes in renal function may be anticipated in some patients (such as patients whose renal function depends on RAAS activity).


    Hepatic impairment – Most ARBs are contraindicated in patients with severe hepatic impairment. In mild-to-moderate impairment, dose adjustment may be required, depending on the substance, the degree of hepatic impairment and the specific health authority.


    Ethnic differences – In general, patients of African ancestry have smaller responses to ACE inhibitors and ARBs.


    Primary hyperaldosteronism – Patients with primary aldosteronism usually do not respond to antihypertensive drugs acting through inhibition of the renin–angiotensin system. Therefore, the use of ARBs is not recommended for this case.


    Pharmacokinetics


    The oral bioavailability is low (less than 50%) for most ARBs, except for azilsartan and irbesartan. Protein binding is high (above 90%).


    Azilsartan, candesartan and olmesartan are the active forms of the prodrugs azilsartan medoxomil, candesartan cilexetil and olmesartan medoxomil, respectively.


    Azilsartan, irbesartan, losartan and valsartan undergo hepatic metabolism, mostly by cytochrome P450 2C9 (CYP2C9). Losartan has an active metabolite. Eprosartan, irbesartan, telmisartan undergo glucuronide conjugation.


    Drug–drug interactions


    Other antihypertensive agents may increase the hypotensive effect of ARBs. However, ARBs have been safely administered with other antihypertensive agents such as beta-blockers, calcium channel blockers and thiazide diuretics.


    Lithium – Increases in serum lithium concentrations and toxicity have been reported during concurrent use of lithium and ACE inhibitors. A similar effect may occur with angiotensin II receptor antagonists. Therefore, this combination is not recommended. If this proves necessary, careful monitoring of serum lithium levels is recommended.


    Non-steroidal anti-inflammatory drugs (NSAIDs), including selective COX-2 inhibitors, acetylsalicylic acid (>3 g/day), and nonselective NSAIDs – when angiotensin II receptor antagonists are administered simultaneously with NSAIDs, attenuation of the antihypertensive effect may occur. Concomitant use of ARBs and NSAIDs may lead to an increased risk of worsening of renal function and an increase in serum potassium. Therefore, adequate hydration and monitoring of renal function at the beginning of the treatment are recommended.


    Dual blockade of the RAAS – Concomitant use of ACE inhibitors, angiotensin II receptor blockers or aliskiren (a direct renin inhibitor) increases the risk of hypotension, hyperkalaemia and decreased renal function (including acute renal failure). Dual blockade of RAAS through the combined use of these agents is therefore not recommended. Some health authorities contraindicate the concomitant use of ARBs and aliskiren in patients with diabetes mellitus or renal impairment (eGFR <60 mL/min/1.73 m2).


    Substances that may increase serum potassium levels – The concomitant use of potassium-sparing diuretics, potassium supplements, salt substitutes containing potassium, or other medicinal products as heparin may increase serum potassium levels. Monitoring of serum potassium should be undertaken as appropriate.


    Digoxin – When telmisartan and digoxin were co-administrated, increases in digoxin peak plasma and trough concentration were observed. When initiating, adjusting and discontinuing telmisartan, digoxin levels should be monitored.


    Administration


    
      	ARBs are taken 1–2-times daily, depending on the specific agent and the patient’s characteristics, preferably at about the same time every day.


      	The maximal blood pressure-lowering effect is achieved 4–8 weeks after beginning the treatment. Dose titration should be performed accordingly.


      	ARBs may be administered with or without food.

    


    Monitoring


    
      	Blood pressure should be monitored regularly, especially after initiation or cessation of the treatment, after dose adjustment or when another drug influencing the treatment is added/ stopped. Therapy should be adjusted according to blood pressure response.


      	Renal function should be monitored periodically.


      	Serum potassium levels should be monitored periodically. Close monitoring is especially recommended in patients at risk for hyperkalaemia, and the elderly.


      	The full effect of ARBs on blood pressure is typically observed only a few weeks after the initiation of the therapy.

    


    Overdose


    The main manifestation of an overdose is likely to be symptomatic hypotension and dizziness. When symptomatic hypotension occurs, supportive treatment should be instituted, and vital signs should be monitored. Since ARBs are highly bound to plasma proteins, haemodialysis is not expected to enhance their clearance significantly.


    Dosage forms


    
      	Oral tablets


      	Paediatric suspension (losartan)

    


    Important patient information


    
      	It is important to take the medicine every day at about the same time.


      	The medicine should be stopped, and medical help should be contacted immediately in case of any of the following allergic reactions: difficulty in breathing or swallowing, swelling of the face, lips, tongue and/or throat (angioedema) or itching of the skin with raised lumps.


      	ARBs are not recommended in early pregnancy and must not be taken after 3 months of pregnancy, as they may cause serious harm to the baby if used at that stage. Pregnant patients or patients who may become pregnant should inform their doctor.


      	The doctor or pharmacist should be informed in case the patient is taking, has recently taken or might take any other medicines, especially lithium-containing medicines, medicines that may increase blood potassium levels such as salt substitutes containing potassium, potassium-sparing diuretics, ACE inhibitors, angiotensin II receptor antagonists, NSAIDs, heparin, immunosuppressives, trimethoprim, digoxin.


      	Some people feel dizzy or tired when taking ARBs. If this happens, it is better to avoid driving or operating machinery.


      	It is essential to inform the doctor in case of excessive vomiting or diarrhoea, leading to an extreme loss of fluid and/or salt.

    


    Substances with INNs*


    abitesartan (73), azilsartan (95), azilsartan medoxomil (97), azilsartan mepixetil (126), azilsartan mopivabil (126), candesartan (71), elisartan (72), embusartan (78), Eprosartan (71), fimasartan (94), forasartan (74), irbesartan (71), losartan (66), milfasartan (76), olmesartan (93), olmesartan medoxomil (86), pomisartan (73), pratosartan (85), ripisartan (73), saprisartan (72), tasosartan (72), telmisartan (70), valsartan (68), zolasartan (70)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      13. Fibric acid derivatives, used for hypertriglyceridaemia


      -fibrate – clofibrate derivatives, peroxisome proliferator-activated receptor-alpha (PPAR-α) agonists

    

    
      C – Cardiovascular system


      C10 – Lipid-modifying agents


      C10A – Lipid-modifying agents, plain


      C10AB – Fibrates

    


    Stem


    -fibrate – clofibrate derivatives, peroxisome proliferator-activated receptor-alpha (PPAR-α) agonists


    Medical substances related to the class


    
      	aluminium clofibrate


      	bezafibrate


      	binifibrate


      	ciprofibrate


      	choline fenofibrate


      	clinofibrate


      	clofibrate


      	etofibrate


      	etofylline clofibrate


      	fenofibrate


      	nicofibrate


      	pemafibrate


      	pirifibrate


      	ronifibrate


      	simfibrate


      	sitofibrate


      	tocofibrate

    


    Medical substances related to the class that do not use the stem


    
      	gemfibrozil

    


    
      Fibric acid derivatives – a summary


      Fibrates (identified by the stem -fibrate) are peroxisome proliferator-activated receptor alpha (PPAR-α) agonists primarily used to treat hypertriglyceridaemia. This class includes fenofibrate, bezafibrate and gemfibrozil (which uses a different nomenclature).


      These medicines work by activating PPAR-α, leading to increased HDL cholesterol, reduced plasma triglycerides, reduced free fatty acids, and lowered apolipoprotein C-III. Different agents show varying PPAR subtype selectivity: bezafibrate is a pan-PPAR activator, while pemafibrate shows high PPAR-α selectivity.


      Most fibrates have high oral bioavailability (enhanced by food for some agents) and extensive plasma protein binding (>95%). They undergo primarily renal excretion, requiring dosage adjustments in renal impairment. Relevant adverse reactions include myopathy (especially when combined with statins), liver dysfunction, and an increased risk of cholelithiasis.


      Unlike statins, fibrates have not shown mortality benefits and are mainly reserved for severe hypertriglyceridaemia or when statins are contraindicated. They are generally contraindicated in pregnancy and severe renal/hepatic impairment.

    


    WHO’s list of essential medicines


    Fibric acid derivatives are not represented in the 23rd WHO Model List of Essential Medicines (published in 2023).


    Main indications*


    
      	Treatment of high triglyceride levels.


      	Mixed hyperlipidaemia when a statin is contraindicated or not tolerated.

    


    The treatment is supposed to be additional to non-pharmacological interventions such as appropriate diet, physical activity, weight reduction when necessary, and treatment of other medical conditions that may contribute to lipid abnormalities, such as diabetes mellitus, hypothyroidism and excessive alcohol consumption.


    * Not all the indications are approved for all the drugs in the therapeutic class.


    Off-label uses


    
      	Primary biliary cholangitis (fenofibrate), in patients with incomplete biochemical response to ursodeoxycholic acid therapy

    


    Mechanism of action


    Dyslipidaemia is one of the causes of atherosclerotic cardiovascular diseases. In addition, elevated triglyceride levels are a risk factor for pancreatitis. Substances belonging to the -fibrate family, as well as gemfibrozil, are used for those indications. The decision to initiate a pharmacological treatment for these indications, as well as the choice of the specific agent, should be made individually. The specific type of dyslipidaemia, the existence of additional risk factors for atherosclerosis or pancreatitis, other medical conditions, the age and possibility of pregnancy or lactation, the availability of different treatment options and other parameters should be considered. Lifestyle modifications, such as physical activity, appropriate diet (also avoiding the consumption of alcoholic drinks), and weight reduction, are the mainstay of the treatment and should be continued even when a lipid-lowering drug is prescribed.


    -fibrates are fibric acid derivatives, while gemfibrozil has a different chemical structure. The mechanism in which this group attains its pharmacological effect is not completely understood. However, it is known that -fibrates interact with the peroxisome proliferator-activated receptor alpha (or PPAR-α), a ligand-activated transcription factor regulating various processes, including lipid and energy metabolism. Activation of PPAR-α by the -fibrates leads to an increase in the circulating levels of HDL cholesterol and a decrease in the plasma levels of triglycerides, free fatty acids and apolipoprotein C-III.


    -fibrates decrease high levels of very-low-density lipoprotein (VLDL) and hypertriglyceridaemia. The effect of this group on low-density lipoprotein (LDL) cholesterol levels is variable and ranges between a small increase to a modest decrease.


    The selectivity of a particular -fibrate to the PPAR-α, or its ability to activate the three existing PPAR subtypes (alpha, gamma and delta), determines the extent of its overall effect – as well as the adverse effects profile. Bezafibrate is nonselective and is considered a pan-activator of all three PPAR isoforms. Pemafibrate is considered a more selective PPAR-α agonist.


    Even though this pharmacological family may reduce cardiovascular events, a beneficial effect of -fibrates in reducing all-cause mortality was not demonstrated in the primary or secondary prevention of cardiovascular disease, as a monotherapy or when combined with statins. Excess mortality has even been demonstrated for clofibrate, partly linked to cancers. Therefore, nowadays -fibrates are administered to patients with severely high levels of triglycerides or for patients with Iib (mixed) hyperlipidaemia (in which high LDL, high triglycerides and low HDL levels exist) when HMG CoA reductase inhibitors (-statins) are contraindicated or not tolerated.


    The picture is slightly different for gemfibrozil, which has a more beneficial profile and, therefore, is also used for the primary prevention of cardiovascular events in patients with hyperlipidaemia. Nonetheless, the European Medicines Agency (EMA) recommends prescribing it only when -statins cannot be administered.


    Due to the more favourable risk–benefit ratio of alternative treatment options, some fibric acid derivatives were withdrawn, such as binifibrate, nicofibrate, pirifibrate, ronifibrate, simfibrate, sitofibrate and tocofibrate.


    Adverse reactions


    Fibrates are usually well tolerated.


    Gastrointestinal disorders such as dyspepsia, nausea, vomiting and diarrhoea are the most common adverse effects of this pharmacological group.


    Myopathy and rhabdomyolysis – The use of -fibrates may lead to muscle weakness or pain, often with increased creatine kinase (CPK) levels. Severe muscular damage (rhabdomyolysis) has been reported. The risk is increased in patients with impaired renal function and in the presence of other predisposing factors for myopathy (such as older age, other muscular disorders, hypothyroidism, previous muscular damage when a -fibrate or other lipid-lowering drugs were used, and when the -fibrate is concomitantly used with an HMG CoA reductase inhibitor).


    Haematological – Decrease in the haemoglobin, haematocrit, and white blood cell and platelet levels have occurred in the first period after initiating the therapy with -fibrates. The levels tend to stabilize afterwards, although cases of severe anaemia, leukopenia and thrombocytopenia were reported. Periodic blood counts are therefore recommended during the first year after commencing the treatment.


    Hepatic – Abnormal liver function tests, including high blood levels of aminotransferases and alkaline phosphatase, were demonstrated in some patients. Therefore, it is recommended to perform a routine assessment of liver functions. Usually, assessment is recommended before initiation of the treatment, every 3–6 months in the first year and annually thereafter. When the levels are significantly elevated, treatment discontinuation should be considered.


    Change in the composition of the bile and cholelithiasis – As a result of the pharmacological activity of the group, the cholesterol excretion into the bile is increased. This may lead to cholelithiasis. Therefore, the appropriate diagnosis should be performed when symptoms and signs of cholelithiasis occur (such as pain accompanied by diaphoresis, nausea and vomiting. The pain is often postprandial or nocturnal).


    Pancreatitis has been reported in patients using -fibrates.


    Nervous system – Adverse effects such as headache, dizziness and somnolence were reported. Patients affected by these adverse effects are advised to avoid activities that require attention, such as driving or operating heavy machinery.


    Flushing – -fibrates that contain a nicotinic acid derivative (such as binifibrate, etofibrate, nicofibrate and ronifibrate) may cause flushing.


    Fenofibrate has been associated with photosensitivity.


    Common contraindications


    
      	Significant hepatic disease


      	Severe renal impairment or in patients undergoing dialysis


      	Gallbladder disease, with or without cholelithiasis


      	Hypersensitivity to the active substance, a product component or another -fibrate


      	Some regulatory authorities include pregnancy and lactation as a contraindication for the usage of fibrates.

    


    Warnings and precautions


    Although -fibrates may reduce the incidence of some cardiovascular events, their beneficial effect in reducing all-cause mortality was not demonstrated. Therefore, they are mostly used in patients with severely high triglyceride levels, or when HMG CoA reductase inhibitors (commonly referred to as -statins) cannot be administered.


    Before initiating the treatment, it is necessary to ascertain that the lipid levels are consistently abnormal. The treatment should be started only when other measures to control the serum lipids (such as an appropriate diet, physical activity, weight loss in obese patients and control of other medical conditions, such as diabetes mellitus and hypothyroidism, that are contributing to the lipid abnormality) had not been successful. After the treatment with a -fibrate is initiated, it should be used in addition to lifestyle measures.


    The use of -fibrates may cause myopathy, often with increased CPK. Rhabdomyolysis, a severe form of muscle damage, has been observed. It is therefore important to advise patients to report unexplained muscle pain, tenderness or weakness, particularly when accompanied by malaise or fever. CPK levels should be assessed when patients report the above-mentioned symptoms, and the treatment may need to be discontinued. Rhabdomyolysis is more frequent when -fibrates are administered concomitantly with -statins.


    Abnormal liver function tests have been observed occasionally during the use of fibrates and are reversible when the treatment is discontinued. Periodic assessment of liver function is recommended.


    The composition of the bile can be changed under the usage of this pharmacological group, and cases of cholelithiasis were reported. When signs and symptoms of cholelithiasis appear, diagnostic procedures should be performed.


    Serum creatinine elevations were observed in patients using fibric acid derivatives. The increase is usually reversible after termination of the treatment. It is recommended to monitor the creatinine levels routinely, especially in patients with other predisposing factors for renal failure (such as older or diabetic patients, patients using other medications that may impair the renal function).


    Mild decreases were reported in haemoglobin, leucocyte and platelet levels when the treatment with -fibrates was initiated, and usually normalized afterwards. Severe anaemia, leukopenia, thrombocytopenia, and bone marrow hypoplasia were also reported. Periodic blood counts are recommended during the first year of administration.


    Thromboembolic disease – Higher rates of pulmonary embolism (PE) and deep vein thrombosis (DVT) were reported in the treatment group when fenofibrate or clofibrate was compared with placebo. On the other hand, fibrates may potentiate the effect of vitamin K antagonists. It is, therefore, advised to monitor the prothrombin time in these patients and adjust the dosage of coumarin anticoagulants accordingly.


    Use in specific populations


    Pregnancy – The use of fibric acid derivatives is not recommended in pregnant women. -fibrates cross the placenta. The ability to conjugate them to glucuronic acid is not developed in the fetus, which may lead to their accumulation. Very little data are available regarding the effects -fibrates on the fetus. The lipid levels are also altered due to the physiological changes occurring during the pregnancy. In women with underlying genetic predisposition or a secondary exacerbating factor, severe hypertriglyceridaemia could develop during the pregnancy – which may also pose risks for the mother and the fetus. A low-fat diet is the cornerstone of the treatment, in addition to nutritional support and close surveillance. In some rare cases, -fibrates, usually gemfibrozil or fenofibrate, may be considered starting from the second trimester, according to the presence of additional risk factors or medical conditions.


    Nursing mothers – Very little published information exists. Lipids are an important constituent of the mother’s milk and are necessary for the infant’s normal development. Lipid-lowering medications, as well as the nursing mother’s nutrition, may influence the composition of the milk. Breastfeeding carries significant benefits for the mother and the infant, including reducing the woman’s future risk for cardiovascular and metabolic diseases. Appropriate diet and physical activity are the mainstay of the treatment of hypertriglyceridaemia. Nonetheless, although the prescribing information leaflets of most -fibrates recommend avoiding their usage in nursing mothers, they may still be considered in women with very severe cases. For other indications, alternative treatments are preferred.


    Paediatric use – Fibric acid derivatives are not usually indicated in children. A healthy diet, increased physical activity and weight management are the primary recommendations in this population. Nonetheless, -fibrates are used in children to treat severely elevated triglyceride levels, to reduce the risk for pancreatitis. Omega-3 fatty acids or medium-chain triglycerides may also be considered before initiating -fibrates. Limited data exist from the use of this pharmacological group in the paediatric population to support the dosage and long-term safety. Therefore, caution should be used.


    Geriatric patients – -fibrates are eliminated mainly by renal excretion. Since renal function declines with age, older adults are at a greater risk for adverse effects and adverse events arising from the treatment. Some regulatory authorities recommend avoiding substances belonging to this group in older patients or prescribing lower doses according to renal function. Once a decision is made to use a fibric acid derivative in a geriatric patient, routine monitoring of the creatinine levels is advised.


    Renal impairment – Most substances in this therapeutic group are excreted by the kidneys. Their clearance is, therefore, decreased in patients with renal dysfunction. The use of fibric acid derivatives is contraindicated in patients with severe renal failure or patients undergoing dialysis. In patients with mild or moderate renal impairment, caution is advised, and lower doses may be required. An increase in creatinine levels was reported in patients using -fibrates. Usually, this increase is reversible upon discontinuation of the treatment. Renal function should be closely monitored in those patients.


    Hepatic impairment – Mild elevations in serum aminotransferase may be observed when using fibric acid derivatives. Usually, these effects are reversible upon treatment discontinuation. Nonetheless, severe liver injury and evolving into chronic hepatitis, with progressive fibrosis and cirrhosis, were also documented. The use of -fibrates is contraindicated in patients with severe hepatic impairment. Periodic assessment of liver function is recommended.


    Sex – Pharmacokinetic differences with clinical significance were not reported between males and females. Some clinical studies designed to evaluate the effect of -fibrates use included only men, yet the treatment recommendations are the same for women and men.


    Pharmacokinetics


    Fibric acid derivatives are administered orally and are usually well absorbed. Food may increase the bioavailability of some -fibrates, such as bezafibrate and etofibrate. Other members of the family, such as ciprofibrate, clinofibrate and clofibrate, are administered without regard to meals. The bioavailability of fenofibrate is variable and depends on formulation. The classic formulations of fenofibrate are usually taken with food to improve its availability. Micronized or even nanoparticle size or formulation as choline fenofibrate (the choline salt of fenofibric acid) increases the bioavailability. Therefore, those formulations usually require lower daily dosing.


    Most fibric acid derivatives reach maximal plasma concentration 1–4 hours after being administered, depending on the specific formulation. Substances belonging to this group are extensively bound to plasma proteins, with more than 95% of the drug being bound.


    Renal excretion is the main pathway in which -fibrates are eliminated. Some of them are conjugated to glucuronic acid prior to being excreted (such as bezafibrate, ciprofibrate, clofibrate and fenofibrate). The clearance of -fibrates is decreased in patients with renal dysfunction, requiring dose adjustment in this group of patients. Severe renal impairment or dialysis are contraindications for use. Clinofibrate and pemafibrate are mainly excreted in the faeces. Gemfibrozil undergoes glucuronidation, as well as hepatic oxidation to a low-activity metabolite. The products are mostly excreted renally.


    Most fibric acid derivatives are administered 2- or 3-times daily. Bezafibrate, gemfibrozil and pemafibrate have a relatively short half-life time, of about two hours. Ciprofibrate, clofibrate, etofylline, clofibrate and fenofibrate have longer half-lives. Ciprofibrate, choline fenofibrate and gemfibrozil are administered once daily. Bezafibrate also exists in a sustained-release formulation, allowing a once-daily administration.


    Drug–drug interactions


    HMG CoA reductase inhibitors (-statins) – The risk of myopathy increases when fibric acid derivatives are used concomitantly with HMG CoA reductase inhibitors. It is important to weigh this combination’s potential benefits and risks before initiating the treatment. Routine monitoring for signs and symptoms of muscle pain, tenderness or weakness is required, particularly during the initial period of the therapy. In addition, gemfibrozil may also have a pharmacokinetic interaction with lovastatin, pravastatin, rosuvastatin and simvastatin. The concomitant administration of gemfibrozil with simvastatin is therefore contraindicated.


    Vitamin K antagonists – The effect of vitamin K antagonists (coumarin-type anticoagulants) may be potentiated when concomitantly used with -fibrates. Therefore, monitoring the prothrombin time and adjusting it accordingly routinely is advised.


    Oral hypoglycaemics – bezafibrate, ciprofibrate and gemfibrozil may potentiate the effect of oral hypoglycaemic drugs. Monitoring of the blood glucose levels and signs and symptoms of hypoglycaemia is advised. According to the US FDA prescribing information, co-administration of gemfibrozil and repaglinide is contraindicated.


    Anion-exchanging resins (such as cholestyramine) may alter the absorption of -fibrates when used concomitantly. To prevent this, the two drugs should be taken at least two hours apart.


    Drugs affecting renal function, such as cyclosporine and tacrolimus, may cause nephrotoxicity, a decrease in creatinine clearance and a rise in serum creatinine. Renal excretion is the primary elimination route of many -fibrates, including bezafibrate, fenofibrate and fenofibrate. The renal function should be closely monitored in patients using such combinations. Should a significant change in the laboratory parameter occur, the use of the -fibrate may need to be discontinued.


    Estrogens may raise lipid levels. Therefore, it should be carefully considered, individually, whether or not they should be used in patients requiring treatment with fibric acid derivatives.


    Pharmacokinetic interactions – gemfibrozil is a strong inhibitor of cytochrome P 2C8 (CYP2C8) and an inhibitor the organic anion-transporter polyprotein (OATP) 1B1, CYP2C19, CYP1A2, UDP- glucuronosyltransferase (UGT) A1 and A3. Therefore, the levels of drugs that are eliminated in these pathways may increase when they are co-administered with gemfibrozil. Concomitant use of gemfibrozil with dasabuvir, selexipag (CYP2C8 substrates), repaglinide and simvastatin (OATP1B1 substrates) is contraindicated. The dose of other substrates of the above-mentioned pathways may need to be reduced.


    Pemafibrate – Co-administration with cyclosporine and rifampicin is not recommended.


    Administration


    Food may increase the bioavailability of some fibric acid derivatives, such as bezafibrate and etofibrate. Other fibrates, such as ciprofibrate, clinofibrate and clofibrate, are administered without regard to meals. Most members of this therapeutic group are administered 2- or 3-times daily, although ciprofibrate, choline fenofibrate, gemfibrozil and the sustained-release formulation bezafibrate allow a once-daily administration.


    To decrease the incidence of gastrointestinal adverse effects upon initiation of the treatment, the dosage may be gradually increased over a few days, to the maintenance level.


    It may take a few weeks to respond to the treatment fully. Nonetheless, the treatment should be discontinued if a response is not achieved within 3–4 months.


    Some formulations contain soy lecithin, peanut or arachis oil and are therefore contraindicated for patients with allergies to those substances.


    Monitoring


    
      	Before initiating the treatment, it is important to verify that the patient’s lipids levels are consistently abnormal. Periodic evaluations should be performed in patients using fibrates, especially in the first few months, to assess the effectiveness of the treatment.


      	Periodic assessment of the hepatic function is recommended during the treatment. The frequency should be higher in the first year (every 3 months) and could be decreased afterwards. Discontinuation of the treatment is advised if the levels of AST and ALT are increased to more than 3-times the upper limit of normal (ULN) or in the evidence of a cholestatic liver injury.


      	Since using fibric acid derivatives may increase serum creatinine levels, renal functions should be monitored periodically in patients with renal insufficiency.


      	Blood counts are recommended during the first year of treatment with -fibrates.


      	When -fibrates are used concomitantly with vitamin K antagonist anticoagulants (such as warfarin), the prothrombin time should be monitored, and the anticoagulant levels should be adjusted accordingly.

    


    Overdose


    There is no specific antidote treatment for overdosage of fibric acid derivatives. The treatment is mainly constituted by monitoring vital signs and observing the clinical status. When rhabdomyolysis is suspected, the renal function should be carefully monitored. Emesis or gastric lavage of the unabsorbed drug may sometimes be indicated. Since -fibrates are highly bound to plasma proteins, haemodialysis is not useful for their elimination, and is not recommended.


    Dosage forms


    
      	Tablets


      	Capsules


      	Sustained-release tablets or capsules

    


    Important patient information


    
      	Substances belonging to this pharmacological group are used in addition to lifestyle modifications, such as a healthy diet, physical activity and, if required, weight modification.


      	It is important to consult the prescriber if signs of allergic reactions appear (such as rash, hives, itching, and difficulty in breathing).


      	It is important to consult the prescriber if signs of hepatic injury (such as dark urine, light-coloured stools, throwing up, yellowing of the skin or eyes), pancreatitis (such as severe stomach or back pain), very bad back pain, or very bad upset stomach or throwing up.


      	Patients should be instructed to report to the doctor when feeling an unexplained muscle pain, tenderness or weakness, particularly when accompanied by malaise or fever.

    


    Substances with INNs*


    bezafibrate (35), biclofibrate (28), binifibrate (44), choline fenofibrate (97), ciprofibrate (36), clinofibrate (39), dulofibrate (43), etofibrate (31), fenirofibrate (49), fenofibrate (35), lifibrate (30), nicofibrate (31), pemafibrate (113), picafibrate (35), ponfibrate (37), ronifibrate (55), salafibrate (41), serfibrate (34), simfibrate (22), sitofibrate (32), tiafibrate (33), timofibrate (40), tocofibrate (33), urefibrate (37), xantifibrate (31) clofibric acid (20), clofibrate (13), aluminium clofibrate (31), calcium clofibrate (34), cinnarizine clofibrate (38), etofylline clofibrate (38), magnesium clofibrate (3l), clofibride (28), plafibride (39)


    related: arhalofenate (101), beclobrate (35), eniclobrate (39), gemfibrozil (34), halofenate (20), lifibrol (62), metibride (53), terbufibrol (35), tibric acid (33), (fibrafylline (43) deleted)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      14. Statins – antihyperlipidaemic substances, HMG CoA reductase inhibitors


      -vastatin – antihyperlipidemic substances, HMG CoA reductase inhibitors

    

    
      C – Cardiovascular system


      C10 – Lipid-modifying agents


      C10A – Lipid-modifying agents, plain


      C10AA – HMG CoA reductase inhibitors

    


    Stem


    -stat – enzyme inhibitors


    Substem


    -vastatin – antihyperlipidaemic substances, HMG CoA reductase inhibitors


    Medical substances related to the class


    
      	atorvastatin


      	fluvastatin


      	lovastatin 


      	pitavastatin 


      	pravastatin


      	rosuvastatin


      	simvastatin

    


    
      Antihyperlipidaemic substances (statins) – a summary


      Statins (identified by substem -vastatin) are HMG CoA reductase inhibitors that reduce cholesterol biosynthesis. This class includes atorvastatin, simvastatin and rosuvastatin. Simvastatin is included in WHO's Essential Medicines List.


      These agents differ in physicochemical properties: lipophilic agents (simvastatin, fluvastatin, atorvastatin) enter cells directly through membrane interactions, while hydrophilic agents (pravastatin) require carrier proteins. Most show low systemic bioavailability because of extensive first-pass metabolism and high protein binding.


      Most statins are metabolized by CYP3A4 and are OATP1B1 substrates, leading to significant drug interactions with inhibitors of these pathways. Pravastatin and rosuvastatin are less affected by CYP metabolism. Relevant adverse reactions are myopathy/rhabdomyolysis, and liver dysfunction. Risk factors include advanced age, female sex, hypothyroidism and renal impairment.


      Statins are contraindicated in pregnancy and active liver disease and require careful monitoring of muscle and liver function.

    


    WHO’s list of essential medicines


    Simvastatin represents the HMG CoA reductase inhibitors drug class in the 23rd WHO Model List of Essential Medicines (published in 2023). It is classified under cardiovascular medicines and indicated as a lipid-lowering agent for use in high-risk patients. Atorvastatin, fluvastatin, lovastatin and pravastatin are shown as therapeutic equivalents.


    None of the agents in this pharmacological class is included in the 9th Model List of Essential Medicines for Children (published in 2023).


    Main indications


    
      	Treatment of hypercholesterolaemia: decrease of elevated serum total cholesterol and LDL cholesterol, in addition to lipid-lowering diet (including in familial hypercholesterolaemia).


      	Prevention of cardiovascular disease in patients with multiple risk factors.


      	Reduce the risk of cardiovascular events in patients with clinically evident coronary heart disease.

    


    Mechanism of action


    Statins inhibit 3-hydroxy-3-methylglutaryl-coenzyme A (HMG CoA) reductase, the enzyme that catalyses the conversion of HMG CoA to mevalonate, an early and rate-limiting step in cholesterol biosynthesis.


    Apart from lipid-lowering, statins exhibit some other effects in preventing cardiovascular morbidity and mortality. Those effects are called “pleiotropic”. However, they are still not fully understood, and it may be that those effects result from the direct activity of the drugs or are consequent to the inhibition of cholesterol biosynthesis/plasma cholesterol reduction. Statins use is related to a general reduction in inflammatory processes. The decrease in CRP levels, induced by statins, appears to be linked to reduced events in patients even without significant hypercholesterolemia.


    Adverse reactions


    Serious adverse reactions that have been observed during the use of statins are:


    
      	rhabdomyolysis and myopathy


      	liver enzyme abnormalities.

    


    The most common adverse reactions that led to treatment discontinuation were gastrointestinal disorders, myalgia and arthralgia. The most frequently reported adverse reactions in controlled clinical trials were myalgia, upper respiratory infections, headache, gastrointestinal disorders (such as abdominal pain, constipation and nausea), and asthenia.


    Cognitive impairment (memory loss, forgetfulness, amnesia, memory impairment, confusion) was associated with statin use in post-marketing reports. These reported symptoms are for all statins and are generally reversible upon discontinuation.


    Interstitial lung disease has been reported with some statins, presenting with symptoms such as dyspnoea, non-productive cough and deterioration in general health (fatigue, weight loss and fever). Long-term therapy was related to the development of symptoms. If an interstitial lung disease is suspected, statin therapy should be discontinued.


    Common contraindications


    
      	Hypersensitivity to the active substance or other ingredients of the medicine.


      	Active liver disease or unexplained persistent elevations of serum transaminases.


      	Pregnancy or lactation. Statins should be administered to women of childbearing age only when such patients are highly unlikely to conceive.


      	Concomitant use of substances that may increase the plasma concentration of statins, such as potent inhibitors of cytochrome P 3A4 (CYP3A4) or transport proteins.


      	When there is a potential risk of myopathy or rhabdomyolysis, such as in concomitant use of gemfibrozil, ciclosporin or danazol with statins.

    


    Warnings and precautions


    Myopathy/ rhabdomyolysis – Statins may cause myopathy, defined as muscle pain, tenderness or weakness with creatine phosphokinase (CK) more than 10-times the upper limit of normal (ULN). Myopathy may sometimes take the form of rhabdomyolysis with or without acute renal failure. The risk of myopathy, including rhabdomyolysis, is dose-related. Other predisposing factors include advanced age (65 years and older), female sex, uncontrolled hypothyroidism and renal impairment.


    When starting a statin therapy or when the dose is being increased, patients should be advised of the risk of myopathy, including rhabdomyolysis. Patients should be asked to report promptly any unexplained muscle pain, tenderness or weakness particularly if accompanied by malaise or fever or if muscle signs and symptoms persist after discontinuing the statin. When myopathy is diagnosed or suspected, statin therapy should be discontinued immediately.


    The risk of myopathy and rhabdomyolysis is increased by high levels of statin activity in plasma. As some statins (such as atorvastatin, simvastatin) are metabolized by CYP3A4, drugs that inhibit this metabolic pathway can raise the plasma levels and may increase the risk of myopathy (this group includes itraconazole, ketoconazole, posaconazole, voriconazole, the macrolide antibiotics erythromycin and clarithromycin, HIV protease inhibitors, boceprevir, telaprevir, the antidepressant nefazodone, or cobicstat-containing products). Since other lipid-lowering therapies, such as fibrates and niacin, can cause myopathy when given alone, the risk is increased when they are co-administered with statins. Therefore, caution should be used when prescribing these agents concomitantly.


    Liver dysfunction – Statins are associated with biochemical abnormalities of liver function. Persistent increases (more than 3-times the ULN) in serum transaminases have been reported in patients who received statins. The transaminase levels usually fell to pretreatment levels when the treatment was interrupted or discontinued.


    It is recommended that liver function tests be performed before the initiation of treatment and repeated when clinically indicated. There have been rare post-marketing reports of fatal and non-fatal hepatic failure in patients taking statins. If serious liver injury with clinical symptoms and/or hyperbilirubinaemia or jaundice occurs during the treatment, it should be interrupted. Statins should be used with caution in patients who consume substantial quantities of alcohol and/or have a history of liver disease. Use of statins should be avoided in case of active hepatic disease or unexplained persistent elevations in serum transaminases.


    Endocrine function increases in HbA1c and fasting serum glucose levels have been reported with HMG CoA reductase inhibitors.


    Statins interfere with cholesterol synthesis and lower circulating cholesterol levels. Therefore, they might theoretically blunt adrenal or gonadal steroid hormone production. Caution should be exercised if a statin is administered concomitantly with drugs that may decrease the levels or activity of endogenous steroid hormones, such as ketoconazole, spironolactone and cimetidine.


    Use in specific populations


    Pregnancy – Statins are contraindicated in women who are or may become pregnant. Women of childbearing potential should be using appropriate contraception when treated with statins. Treatment by statins should be discontinued before attempting to conceive.


    Nursing mothers – There is not enough relevant published information on the use of statins during breastfeeding. There is a concern that statins may disrupt the infant fat metabolism. Therefore, the consensus is that statins should not be used during breastfeeding.


    Paediatric use – The safety and effectiveness of simvastatin, atorvastatin, lovastatin and rosuvastatin have been evaluated in 10–17-year-old patients with heterozygous familial hypercholesterolaemia (HeFH). The adverse reaction profile in the treated adolescent boys and post-menarchal girls was similar to that of patients receiving placebo. Patients 8–18 years old treated with pravastatin for HeFH experienced an adverse events profile which was generally similar to that of patients treated with a placebo.


    Geriatric use – In clinical trials, the safety and effectiveness of statin use in the elderly were similar to those of the general population. However, the greater sensitivity of some older individuals cannot be ruled out. As advanced age (65 years and older) is a predisposing factor for myopathy, statins should be used with caution in the elderly.


    Renal impairment – Caution should be exercised when administrating simvastatin, lovastatin, pitavastatin and pravastatin to patients with severe renal impairment. Dose adjustment of rosuvastatin is required in patients with severe renal impairment who are not receiving haemodialysis. Dose adjustment of atorvastatin in patients with renal dysfunction is not necessary.


    Liver impairment – Statins are contraindicated in patients with active liver disease, including unexplained persistent elevations in hepatic transaminase levels.


    Diabetes – Patients at risk of diabetes mellitus should have fasting blood glucose level, or HbA1C checked before initiation of the treatment with statins and repeated after 3 months.


    Pharmacokinetics


    Statins are amphiphilic. Lipophilic agents (simvastatin, fluvastatin, atorvastatin) enter cells directly by membrane interactions. More hydrophilic agents (such as pravastatin) enter cells by carrier proteins. Rosuvastatin has an intermediate behaviour.


    Most statins have low systemic availability, significantly attributed to hepatic first-pass metabolism (its primary site of action). The majority of metabolites are pharmacologically active. Several statins are substrates of the cytochrome P450 (CYP) system. Pravastatin and rosuvastatin, the more hydrophilic molecules, are less influenced by the CYP system. In most cases, statins are substrates of CYP3A4 (which significantly metabolizes lovastatin, simvastatin and atorvastatin). Inducers or inhibitors might alter the bioavailability of drugs extensively metabolized by CYP.


    Most statins are substrates of the organic anion transporting polypeptide (OATP) 1B1. Concomitant administration of medicinal products that are inhibitors of the transport protein OATP1B1 may lead to increased plasma concentrations of the statins, and an increased risk of myopathy.


    Most statins (apart from pravastatin) are highly bound to plasma proteins.


    Drug–drug interactions


    CYP3A4 inhibitors – As several statins are substrates of cytochrome P450 3A4 (CYP3A4), elevated plasma levels of those statins are expected during concomitant use of CYP3A4 inhibitors, such as itraconazole, ketoconazole, posaconazole, voriconazole, erythromycin, clarithromycin and others. Therefore, concomitant use of strong CYP3A4 inhibitors and CYP3A4 substrates (such as simvastatin, atorvastatin and lovastatin) is contraindicated.


    Grapefruit juice is another inhibitor of CYP3A4 and, therefore, may alter the metabolism of simvastatin, atorvastatin and lovastatin, especially when an excessive amount of juice is consumed (more than 1.2 L/day).


    Inducers of CYP3A4 (such as efavirenz and rifampicin) can lead to variable reductions in plasma concentrations of CYP3A4 substrate statins.


    OATP1B1 inhibitors – Many statins are substrates of the OATP 1B1. Concomitant use with drugs that inhibit OATP transporters (such as ciclosporin) causes pharmacokinetic drug–drug interactions. Ciclosporin has been shown to increase the AUC (area under the curve) of statins. As a result, increased plasma concentrations of these agents may happen, with an increased risk of myopathy. Some statins, such as atorvastatin, lovastatin, pravastatin and simvastatin, inhibit the OATP1B1 protein.


    Other lipid-lowering agents – Concomitant use of statins and other lipid-lowering agents may increase the risk for myopathy or rhabdomyolysis. Caution should be used while prescribing statins and fibrates. Some combinations, such as simvastatin and gemfibrozil (which is also an inhibitor of the OATP1B1 transporter), are contraindicated.


    Niacin – The risk for skeletal muscle side-effects may be increased under concomitant use of statins and niacin. Cases of myopathy and rhabdomyolysis have been observed under the concomitant use of simvastatin and niacin-containing products, used as lipid-modifying agents.


    Digoxin – Concomitant administration of digoxin and simvastatin or atorvastatin elevated the digoxin concentrations in plasma. Patients taking digoxin should be monitored appropriately when simvastatin or atorvastatin are initiated.


    Vitamin K antagonists – The effect of vitamin K antagonists (coumarin anticoagulants) was potentiated during concomitant use with some statins, including rosuvastatin and simvastatin. Clinically evident bleeding and/or increased prothrombin time has been reported in a few patients taking vitamin K antagonists concomitantly with statins. In such cases, prothrombin time should be determined before starting statin treatment and during therapy. The same procedure should be repeated if the statin dose is changed or discontinued.


    Colchicine – Cases of myopathy, including rhabdomyolysis, have been reported when colchicine was co-administered with simvastatin, pravastatin, lovastatin, rosuvastatin, fluvastatin or atorvastatin. Caution should be exercised when prescribing colchicine with these agents.


    Administration


    Most statins are administered once daily, at any part of the day. Simvastatin and pravastatin should be taken in the evening. Lovastatin should be taken with a meal.


    Monitoring


    
      	Cholesterol levels should be monitored periodically.


      	Liver function tests must be performed before the initiation of treatment and repeated when clinically indicated.


      	If muscular symptoms occur in patients receiving a statin, CK levels should be measured. Treatment should be stopped when the CK levels are significantly elevated (> 5-times the ULN).

    


    Overdose


    There is no specific treatment for HMG CoA reductase inhibitors overdose. Patients with statins overdose should be treated symptomatically with supportive measures instituted, as required. Liver function tests should be performed, and serum CK levels should be monitored. Since most of the statins are highly bound to plasma proteins, haemodialysis is not expected to enhance their clearance significantly.


    Dosage forms


    
      	Oral tablets

    


    Important patient information


    
      	Drug therapy with statins is an adjuvant to a healthy lifestyle, including a diet, regular exercises and periodic tests of lipid profile.


      	Patients should be advised about substances they should not use concomitantly with their statins.


      	Patients should be advised about the risk of myopathy and told to report promptly any unexplained muscle pain, tenderness or weakness, especially if accompanied by malaise and/or fever, or when the symptoms persist after discontinuing statin.


      	A liver enzyme test is recommended before the initiation of statins and when clinically necessary. Patients with statins should be advised to report any symptoms that may indicate a liver injury, such as fatigue, anorexia, right upper abdominal discomfort, dark urine or jaundice.


      	Women of childbearing potential should be advised to use an effective method of birth control to prevent pregnancy while using statins. Future pregnancy plans should be discussed, and the patient should be advised when to stop taking their medication if trying to conceive.


      	Breastfeeding women should not use statins. Therapeutic options should be discussed with the patient for whom statins are indicated and wishes to breastfeed.


      	When taking rosuvastatin with an aluminium and magnesium hydroxide combination antacid, the antacid should be taken at least 2 hours after rosuvastatin administration.

    


    Substances with INNs*


    atorvastatin (71), bervastatin (72), cerivastatin (74), crilvastatin (63), dalvastatin (64), fluvastatin (62), glenvastatin (70), lovastatin (57), mevastatin (44), pitavastatin (86), (replaces itavastatin (80)), pravastatin (57), rosuvastatin (94), simvastatin (58), tenivastatin (85)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      15. Penicillin antibiotics


      -cillin – antibiotics, 6-aminopenicillanic acid derivatives

    

    
      J – Anti-infective for systemic use


      J01 – Antibacterials for systemic use


      J01C – Beta-lactam antibacterials, penicillins

    


    Stem


    -cillin – antibiotics, 6-aminopenicillanic acid derivatives


    Medical substances related to the class


    
      	almecillin


      	amoxicillin 


      	ampicillin


      	apalcillin 


      	aspoxicillin 


      	azidocillin 


      	azlocillin


      	bacampicillin


      	benethamine penicillin


      	benzathine benzylpenicillin


      	benzylpenicillin


      	carbenicillin


      	carfecillin


      	carindacillin


      	ciclacillin


      	clemizole penicillin


      	clometocillin


      	cloxacillin


      	dicloxacillin


      	epicillin


      	fibracillin


      	flucloxacillin


      	furbucillin


      	hetacillin


      	lenampicillin


      	metampicillin


      	meticillin


      	mezlocillin


      	nafcillin


      	oxacillin


      	penamecillin


      	pheneticillin


      	phenoxymethyl penicillin


      	piperacillin


      	pivampicillin


      	propicillin


      	sulbenicillin


      	sultamicillin


      	talampicillin


      	temocillin


      	ticarcillin

    


    
      Penicillin antibiotics – a summary


      Penicillins (identified by the stem -cillin) are beta-lactam antibiotics that inhibit bacterial cell wall synthesis by binding to penicillin-binding proteins (PBPs). Multiple agents are included in WHO's Essential Medicines List, particularly amoxicillin, ampicillin and benzylpenicillin.


      The class divides into four main groups: natural penicillins (e.g. benzylpenicillin), beta-lactamase resistant (e.g. cloxacillin), aminopenicillins (e.g. amoxicillin), and extended-spectrum (e.g. piperacillin). Bacterial resistance primarily occurs through bacterial production of beta-lactamase.


      Their pharmacokinetics vary significantly: bioavailability ranges from poor (benzylpenicillin) to good (amoxicillin), protein binding from 20% (amoxicillin) to 95% (cloxacillin), and most have short half-lives (~1 hour). Renal excretion is the primary elimination route, requiring dosage adjustments in renal impairment.


      Relevant adverse effects include hypersensitivity reactions (potentially severe), gastrointestinal disturbances and superinfections. Most penicillins are considered safe during pregnancy and breastfeeding.

    


    WHO’s list of essential medicines


    The penicillin antibiotics are extensively represented in the WHO Model List of Essential Medicines. The following penicillin antibiotics are classified under the Access group of the AWaRe (Access, Watch, Reserve) classification (antibiotics that are recommended as essential first or second choice empirical treatment options): amoxicillin is listed for the treatment of several indications, such as community-acquired pneumonia, exacerbations of chronic obstructive pulmonary disease, lower urinary tract infections, otitis media, pharyngitis, sinusitis and more. The combination of amoxicillin and clavulanic acid is included for several indications, such as hospital-acquired pneumonia, low-risk febrile neutropenia, skin and soft tissue infections and others. Ampicillin and benzylpenicillin are included for paediatric indications such as severe community-acquired pneumonia, severe acute malnutrition and sepsis in neonates and children, and acute bacterial meningitis. Benzylpenicillin, benzathine benzylpenicillin and procaine benzylpenicillin are indicated for syphilis. Cloxacillin, dicloxacillin and flucloxacillin are indicated for bone and joint infections, skin and soft tissue infections and sepsis in neonates and children. Phenoxymethyl penicillin is listed for mild-to-moderate community-acquired pneumonia, pharyngitis and progressive apical dental abscess. Amoxicillin combined with clavulanic acid is listed for the treatment of multidrug-resistant tuberculosis as a part of a combined treatment.


    The Watch group of the AWaRe classification includes antibiotics with higher resistance potential and/or antibiotics at relatively high risk of selection of bacterial resistance. This group includes piperacillin (combined with tazobactam) in the Essential Medicines List for severe complicated intra-abdominal infections, high-risk febrile neutropenia and hospital-acquired pneumonia.


    All the aforementioned penicillin antibiotics are listed in the WHO Model List of Essential Medicines for Children.


    Chemistry


    The substances listed in the -cillin stem share the beta-lactam ring. Penicillin antibiotics share a common structure: a thiazolidine ring, a beta-lactam ring, and an amino side chain. The beta-lactam and the thiazolidine ring comprise the 6-aminopenicillanic acid nucleus, which is necessary for biological activity. Beta-lactam antibiotics are structural analogues of the natural peptide terminus. They bind to the active site of the transpeptidase, which inhibits the last step in the peptidoglycan synthesis and leads to the death of the bacteria.


    
      Fig. 1. Chemical structures of 6-aminopenicillanic acid. Most -cillin substances share this core structure and different radicals (R).

      [image: ]

      Source: Collated from search: “Composition: Chemical structures” (https://pubchem.ncbi.nlm.nih.gov).

    

    Penicillin antibiotics, cephalosporine, carbapenem and monobactam antibiotics all share the beta-lactam ring structure, which is essential for their biological activity. The amino side chain of the antibiotic can influence the pharmacological properties and the antimicrobial activity of the specific substance. As the beta-lactam antibiotics target cell wall synthesis, substances belonging to this group can only affect actively growing bacteria that synthesize cell walls.


    Main indications


    
      	Treatment of infections due to susceptible strains of bacteria.

    


    Off-label uses


    
      	Treatment of coronary diseases and syndromes, such as non-ST-elevation acute coronary syndrome, stable coronary artery disease, and ST-elevation acute coronary syndrome


      	Treatment of hypertensive crisis


      	Prevention of ventricular failure, post-myocardial infarction


      	Treatment of idiopathic oedema

    


    Mechanism of action


    The bacterial cell is surrounded by a wall made of peptidoglycan (a polymer containing peptide chains and polysaccharides containing amino sugars). This wall maintains the integrity of the bacterial cell and prevents it from lysis. In Gram-positive bacteria, the cell wall is relatively thick, made of multiple layers of peptidoglycan, while Gram-negative organisms have only a very thin cell wall. The precursors used for the wall are synthesized in the cytoplasm. At the same time, the last step of the polymerization is performed outside the cell membrane by the enzyme transpeptidase (also referred to as the penicillin-binding protein or PBP).


    Traditionally, the potency of benzylpenicillin has been expressed in units, when 1 unit equals 0.6 microgram. Today, the use of milligrams or grams is preferred.


    Bacterial resistance to beta-lactam antibiotics poses a great threat to global health. Bacteria can become resistant due to several mechanisms:


    
      	Production of beta-lactamase, an enzyme that opens the beta-lactam ring and destroys its function.


      	Modifications in the bacterial enzyme targeted by the antibiotic.


      	Decreased penetration of the drug molecule to the site of action.


      	Efflux of the antibiotic.

    


    The production of beta-lactamase is the most common form of resistance. Due to the emergence of resistance, some penicillin antibiotics, such as amoxicillin or piperacillin, are mainly used in fixed combinations with beta-lactamase inhibitors (such as clavulanic acid and tazobactam).


    The clinical efficacy of penicillin antibiotics is related to the extent to which their concentration in the infection site is above the minimal inhibitory concentration for the specific bacteria.


    Penicillin antibiotics can be divided into subgroups according to the substitutes of the 6-aminopenicillanic acid and their resulting biological activity. Different definitions are used to classify penicillin antibiotics into subgroups. Most of them would divide this family into three or four different groups.


    
      	Penicillins – Penicillin antibiotics that are mostly active against Gram-positive bacteria. Examples: benzylpenicillin, phenoxymethyl penicillin. Those agents are sensitive to the activity of beta-lactamases.


      	Beta-lactamase-resistant (penicillinase-resistant) antibiotics – These penicillin antibiotics are resistant to beta-lactamases but are less potent against microorganisms that are sensitive to the previous group. The group includes methicillin, cloxacillin, dicloxacillin, nafcillin and oxacillin. Substances belonging to this group are inactive against methicillin-resistant Staphylococcus aureus (MRSA).


      	Aminopenicillins have an improved spectrum of activity, also against some Gram-negative microorganisms. This group includes ampicillin, amoxicillin and others. Those antibiotics are sensitive to the activity of penicillinases and are often used together with beta-lactamase inhibitors (such as clavulanic acid and tazobactam).


      	Extended spectrum penicillin antibiotics – These are substances with extended activity against Gram-negative bacteria such as Pseudomonas, Enterobacter, and Proteus spp. These include: carbenicillin, mezlocillin, ticarcillin and piperacillin.

    


    The two latter groups are sometimes referred to together in textbooks as too broad-spectrum penicillin antibiotics.


    Adverse reactions


    Penicillin antibiotics are generally well tolerated. Their most important adverse effects are hypersensitivity reactions, which may be fatal.


    Hypersensitivity – It is a well-known adverse effect of penicillin antibiotics. It may manifest with maculopapular rash, urticarial rash, fever, bronchospasm, vasculitis, serum sickness, fever, interstitial nephritis, eosinophilia, Stevens–Johnson syndrome, angioedema and anaphylaxis. As some severe reactions may occur, it may be necessary to avoid future use of penicillin antibiotics in patients with hypersensitivity reactions. Patients with hypersensitivity to penicillin antibiotics may also be at a higher risk of cross-hypersensitivity to other beta-lactams.


    Gastrointestinal reactions – Oral penicillin antibiotics may include nausea, vomiting and diarrhoea.


    Secondary infections – Using penicillin antibiotics may change the microbiome's composition. In some patients, this may lead to superinfection with other microorganisms. Overgrowth of Clostridium difficile, leading to pseudomembranous colitis, had been reported following the administration of penicillin antibiotics. Vaginal candidiasis is another possible secondary infection that may occur.


    Electrolyte imbalances – Some preparations may contain high quantities of sodium or potassium. Caution should be taken when they are used, especially when high doses are administered to patients with impaired renal function or heart failure.


    Nephrotoxicity – Acute kidney injury or interstitial nephritis has been associated with administering penicillin antibiotics.


    Neurotoxicity – High concentrations of penicillin antibiotics in the cerebrospinal fluid, achieved through excessive doses as well as normal doses in renal failure, can cause neurotoxicity.


    Neutropenia, as well as other haemic disorders (for example, anaemia), have been reported following the use of penicillin antibiotics.


    Hepatic effects – Elevations in liver enzymes have been documented and are usually transient. Although rare, hepatic dysfunction, including cholestatic jaundice, hepatic cholestasis and hepatitis, have also been reported, mostly for amoxicillin with clavulanic acid and the penicillinase-resistant penicillin antibiotics such as flucloxacillin and cloxacillin.


    Bleeding disorders – Prolongation of bleeding time and prothrombin time have been reported in patients using penicillin antibiotics.


    Common contraindications


    History of a serious hypersensitivity reaction (e.g. anaphylaxis or Stevens–Johnson syndrome) to penicillin antibiotics.


    Warnings and precautions


    Antibiotics should never be used to treat viral infections. To reduce the development of drug-resistance, they should always be used for documented or highly suspected infections, caused by bacteria susceptible to the treatment.


    Anaphylactic reactions – Serious anaphylactic reactions have been reported under the treatment with penicillin antibiotics. As they may be fatal, immediate emergency treatment is required in case of serious reactions.


    Clostridium difficile-associated diarrhoea (CDAD) – When diarrhoea occurs under the treatment, a superinfection with C. difficile should be suspected. The patient should be evaluated for the existence of such an infection.


    Mononucleosis – Patients with mononucleosis are at risk of developing erythematous skin rash when amoxicillin and ampicillin are used. Therefore, an alternative treatment should be preferred.


    Intrathecal or intraventricular administration of penicillin antibiotics should be avoided to prevent severe pain and prolonged dysfunction when penicillin antibiotics are accidentally injected into the sciatic nerve.


    Caution is advised when flucloxacillin is administered concomitantly with paracetamol due to the increased risk of high anion gap metabolic acidosis (HAGMA). Individuals with severe renal impairment, sepsis or malnutrition are at particularly high risk, especially if the maximal daily doses of paracetamol are used. Close monitoring is recommended to detect acid–base disorders when flucloxacillin and paracetamol are co-administered.


    Use in specific populations


    Pregnancy – Most penicillin antibiotics cross the placenta and have a low toxicity profile when therapeutic doses are used. They are considered compatible with pregnancy, although data from well-controlled clinical studies is missing.


    During pregnancy, the elimination rate of ampicillin increases, and the serum half-life and bioavailability decrease. Therefore, increasing the dose and/or decreasing the interval between doses may be necessary.


    Nursing mothers – Penicillin antibiotics are excreted in human milk, usually at low concentrations, and are considered safe during breastfeeding. Their usage by nursing mothers may lead to sensitization of the infant to penicillin. Alterations of the infant’s gastrointestinal microbiome manifested as diarrhoea or oral candidiasis have been reported.


    Paediatric use – Young and premature babies have lower renal clearance, which leads to longer half-lives of the penicillin antibiotics. Therefore, in these populations, the dosage should not be decided solely according to the weight but be reduced.


    Geriatric patients – Doses for the elderly are generally the same as for younger adults, as older individuals are not at an increased risk for developing adverse events solely due to their age. However, dose selection for this population should always be cautious, starting at the low end of the dosing range, based on the higher frequency of decreased hepatic, renal or cardiac function, concomitant diseases or other drug therapies.


    Renal impairment – Renal excretion is a major route of eliminating substances in this pharmacological group. In the presence of renal impairment, the clearance of penicillin antibiotics is reduced, their half-lives are prolonged, and the blood levels and bioavailability levels are higher. Therefore, dose reduction may be required in patients with renal impairment, depending on the specific substance, the indication for the treatment and the degree of renal failure. Cloxacillin, dicloxacillin, nafcillin and oxacillin are major components of alternative clearance routes, and therefore, dose reduction is usually not required.


    Hepatic impairment – Renal clearance is a major route of elimination for penicillin antibiotics. However, some substances in this pharmacological group are also substantially eliminated hepatically. In individuals with hepatic impairment, the dose of mezlocillin and nafcillin may need to be reduced. Flucloxacillin should be used with caution in patients with hepatic impairment. The dose of azlocillin, carbenicillin, piperacillin, pivampicillin and ticarcillin should be adjusted for combined hepatic and renal impairment.


    Pharmacokinetics


    The bioavailability of penicillin antibiotics differs significantly among the substances belonging to this group. Some of them, such as amoxicillin and flucloxacillin, are characterized by a significant oral bioavailability. Others, such as benzylpenicillin and piperacillin, are poorly available after oral ingestion and therefore are used parenterally.


    Food proteins and inactivation by gastric acid may reduce the bioavailability of penicillin antibiotics. Therefore, most of this pharmacological group should be administered on an empty stomach (1–2 hours before or after a meal). The bioavailability of some aminopenicillin antibiotics, such as amoxicillin, bacampicillin, ciclacillin, lenampicillin, sultamicillin and talampicillin, is not affected in a clinically significant manner by food. It is advised to administer pivampicillin with food, to decrease the probability of gastrointestinal adverse effects.


    Peak levels are usually achieved about an hour after oral or intramuscular formulations are administered. Some of the -cillin antibiotics are prodrugs: penamecillin, benethamine penicillin and benzathine benzylpenicillin are prodrugs of benzylpenicillin; bacampicillin, hetacillin, lenampicillin, metampicillin and talampicillin are prodrugs of ampicillin.


    Distribution – Following absorption, penicillin antibiotics are widely distributed. However, the concentration in the different tissues and fluids varies for individual substances. As the members of this pharmacological family are polar molecules, the intracellular concentrations are lower than those in the extracellular fluids.


    The concentration of penicillin antibiotics in the cerebrospinal fluid (CSF) is generally low when the meninges are normal. When the meninges are inflamed, the concentrations in the CSF may increase. In uraemia, organic acids accumulate in the CSF and compete with the penicillin antibiotics for secretion. Under this condition, toxic concentrations may accumulate in the brain, which can lead to convulsions.


    Protein binding varies substantially between the different members of this group, from as low as 20% for amoxicillin and ampicillin and 30% for azlocillin to about 95% for cloxacillin and flucloxacillin. Highly protein-bounded substances usually achieve lower serum concentrations of the free drug.


    Elimination – Penicillin antibiotics are rapidly eliminated, mostly due to renal clearance. Renal excretion is achieved by glomerular filtration and renal tubular secretion. This results in high concentrations of those substances in the urine. As the renal tubular secretion can be blocked by probenecid, its co-administration with beta-lactams may attenuate the latter's clearance. Other routes also eliminate small proportions. phenoxymethyl penicillin and nafcillin undergo hepatic biotransformation. Others, such as lenampicillin and bacampicillin, undergo hydrolysis during their absorption phase. Nafcillin is primarily cleared by biliary excretion, while both kidney and biliary excretion eliminate ampicillin, cloxacillin, dicloxacillin and oxacillin.


    Most penicillin antibiotics have relatively short half-lives of about one hour. Some penicillin antibiotics have dose-dependent kinetics due to saturation in the drug’s biotransformation and excretion. For example, the half-life of azlocillin, mezlocillin and piperacillin varies according to the dose. Penicillin antibiotics are usually administered 2–4-times a day, depending on the dose, administration route and indication. Some penicillins, such as piperacillin, are sometimes administered through a continuous infusion.


    Some benzylpenicillin preparations, as procaine benzylpenicillin and benzathine benzylpenicillin are formulated to extend the time the drug is found above the minimal inhibitory concentration. When injected intramuscularly, the drug is slowly released and hydrolysed to the active antibiotic. This allows a longer duration of the effect, with lower amplitudes in the concentration.


    Benzylpenicillin procaine has a prolonged half-life compared to benzylpenicillin and is typically used once daily. Benzylpenicillin benzathine is used intramuscularly. It slowly releases benzylpenicillin from the injected area. It produces a relatively low but persistent concentration in the blood, with an average duration of antimicrobial activity in the plasma of about 26 days. Therefore, it is administered as a single injection for streptococcal pharyngitis or once monthly for rheumatic fever prophylaxis.


    The clearance of penicillin antibiotics is less efficient in the newborn. Therefore, doses based on weight alone lead to higher systemic concentrations for longer periods than in adults. The renal excretion rate may be faster in young children with fully established renal function than in adults.


    Drug–drug interactions


    Decreased excretion – probenecid decreases renal tubular secretion of penicillin antibiotics. This may lead to increased blood levels of the antibiotics and to prolonged exposure. Other drugs that may compete with renal tubular secretion and therefore prolong the half-life of penicillin include acetylsalicylic acid, phenylbutazone, sulfonamides, indometacin, thiazide diuretics and furosemide.


    Concomitant use of penicillin antibiotics and heparin or oral anticoagulants may prolong prothrombin time. Monitoring is required when antibiotics are administered concurrently with anticoagulants.


    Allopurinol – An increased frequency of skin reactions has been reported among patients receiving allopurinol concomitantly with amoxicillin or ampicillin. An alternative treatment should be preferred when available.


    Oral contraceptives – Antibiotics may reduce the efficacy of oral contraceptives.


    Other antibacterial agents – Bacteriostatic drugs (such as chloramphenicol and tetracycline antibiotics) may interfere with the bactericidal action of penicillin antibiotics. This has been demonstrated in vitro; however, the clinical significance of this interaction is not well documented.


    Aminoglycoside antibiotics – These are incompatible with penicillin antibiotic. When the two antibiotics are indicated for concomitant use, they should not be mixed, and each antibiotic should be administered separately.


    Methotrexate – Due to competition for renal tubular excretion, the clearance of methotrexate may be reduced when administered concurrently with penicillin antibiotics. This may lead to increased serum concentrations of methotrexate, followed by an increased risk of its toxicity. Therefore, when methotrexate and penicillin antibiotics are used concurrently, the toxicity of methotrexate and its serum concentration should be carefully monitored.


    Penicillin antibiotics may interfere with some laboratory tests, such as urinary glucose tests, Coomb's tests, and tests which use bacteria as the Guthrie test.


    Oral typhoid vaccine may be inactivated by penicillin antibiotics.


    Administration


    Usually, penicillin antibiotics are administered 2–4-times daily. A continuous infusion is another tactic used for some penicillins (such as piperacillin), to extend the period above the minimal therapeutic concentration.


    Most oral penicillin antibiotics should be administered on empty stomach (1–2 hours before or after a meal), to minimize binding to food proteins and inactivation by gastric acid. The absorption of some aminopenicillin antibiotics, such as amoxicillin, bacampicillin, ciclacillin, lenampicillin, sultamicillin and talampicillin is not affected significantly when taken with food. Pivampicillin should be taken with food, to decrease the probability of gastrointestinal adverse effects. The blood levels of phenoxymethyl penicillin are higher when it is taken on an empty stomach. However, according to some of the prescribing information leaflets, they may be administered with food, while other regulatory authorities advise against this.


    Intrathecal or intraventricular administration of penicillin antibiotics – When penicillin antibiotics are accidentally injected into the sciatic nerve, severe pain may occur alongside prolonged dysfunction in the area of the drug’s distribution. Therefore, intrathecal or intraventricular administration should be avoided.


    Accidental intravenous instead of intramuscular injection of benzylpenicillin procaine may result in rapid liberation of toxic concentrations of procaine. This may lead to an immediate reaction characterized by dizziness, tinnitus, headache, hallucinations, and sometimes seizures.


    Monitoring


    
      	Signs and symptoms of hypersensitivity reactions.


      	Nausea, vomiting, epigastric discomfort and loose stools.


      	When a penicillin antibiotic is administered for prolonged treatment, blood urea nitrogen, serum creatinine, bilirubin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase, gamma-glutamyl transferase and differential cell count should be assessed periodically.

    


    Overdose


    A large oral overdose of penicillin antibiotics may cause nausea, vomiting, stomach pain, diarrhoea, and rarely seizures. Hyperkalaemia or hypernatraemia may result from an overdose of formulations, which contain potassium or sodium, respectively. The risk is higher in patients with renal insufficiency.


    In case of overdosage, the penicillin antibiotic should be discontinued. Symptomatic treatment is advised when clinically required. Adequate fluid intake and diuresis should be maintained to avoid crystalluria. Excessive concentrations of amoxicillin, ampicillin, mezlocillin, azlocillin, benzylpenicillin, carbenicillin, phenoxymethylpenicillin, piperacillin, temocillin and ticarcillin may be removed from the circulation by haemodialysis.


    Dosage forms


    
      	Oral capsules/tablets


      	Oral suspension/powder for the preparation of an oral suspension


      	Oral chewable tablets


      	Intramuscular solution/powder for the preparation of an intramuscular solution


      	Intravenous solution/powder for the preparation of an intravenous solution

    


    Important patient information


    
      	The treatment should be taken regularly, according to the prescribed dosage and timetable.


      	Incompletion of the treatment may lead to treatment failure and the emergence of drug-resistant bacteria.


      	Diarrhoea is a common side-effect of the treatment with antibiotics, and it usually resolves shortly after the treatment is discontinued. Watery and bloody stools, appearing even a few weeks after the treatment, require clinical assessment.


      	The prescriber should be contacted immediately if signs of allergic or hypersensitivity appear. Those may include rash, hives, itching, blistering, skin peeling, fever, swelling, shortness of breath, nausea or abdominal cramps.

    


    Substances with INNs*


    adicillin (14), almecillin (14), amantocillin (17), amoxicillin (27), ampicillin (13), apalcillin (39), aspoxicillin (50), azidocillin (19), azlocillin (36), bacampicillin (32), benethamine penicillin (1), benzathine benzylpenicillin (18), benzylpenicillin (53), carbenicillin (20), carfecillin (30), carindacillin (29), ciclacillin (22), clemizole penicillin (8), clometocillin (12), cloxacillin (13), dicloxacillin (16), epicillin (25), fenbenicillin (13), fibracillin (30), flucloxacillin (17), fomidacillin (55), fumoxicillin (47), furbucillin (31), fuzlocillin (47), hetacillin (16), isopropicillin (12), lenampicillin (50), levopropicillin (12), metampicillin (20), meticillin (12), mezlocillin (34), nafcillin (13), oxacillin (l5), oxetacillin (33), penamecillin (16), pheneticillin (11), phenoxymethyl penicillin (6), phenyracillin (8), piperacillin (38), pirbenicillin (35), piridicillin (43), piroxicillin (49), pivampicillin (23), prazocillin (27), propicillin (13), quinacillin (14), rotamicillin (35), sarmoxicillin (41), sarpicillin (36), sulbenicillin (26), sultamicillin (48), suncillin (25), talampicillin (31), tameticillin (35), temocillin (46), ticarcillin (29), tifencillin (12), tobicillin (78)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      16. Carbapenem derivatives


      -penem – carbapenem derivatives

    

    
      J – Anti-infective for systemic use


      J01 – Antibacterials for systemic use


      J01D – Other beta-lactam antibacterials


      J01DH – Carbapenems

    


    Stem


    -penem – analogues of penicillanic acid antibiotics modified in the five-membered ring


    Medical substances related to the class


    
      	biapenem


      	doripenem 


      	ertapenem


      	faropenem


      	imipenem 


      	meropenem


      	panipenem


      	tebipenem

    


    
      Carbapenem derivatives – a summary


      Carbapenems are beta-lactam antibacterials. Like other beta-lactam antibiotics, carbapenems bind to penicillin-binding proteins (PBPs), disrupt bacterial cell wall synthesis, and cause the death of susceptible microorganisms. 


      Carbapenems have a broader spectrum of activity than most other beta-lactams; they are effective against many Gram-positive and Gram-negative bacteria and anaerobes, including many that are resistant to other antibiotics, such as cephalosporins. 


      Meropenem and imipenem combined with cilastatin are included in WHO’s Essential Medicines List for the treatment of multidrug-resistant tuberculosis, peritoneal abscesses, peritonitis and neutropenia.


      Beyond the most common adverse reactions (e.g. diarrhoea, headache, nausea, skin reactions and thrombophlebitis), seizures have been noted in up to 1.5% of patients, especially when high doses of imipenem + cilastatin are given to patients with CNS (central nervous system) lesions or renal insufficiency. Blood dyscrasias, arrhythmias and hallucinations can also occur. Carbapenem use may be reasonable for penicillin-allergic patients if the benefit–harm balance is favourable; patients with a claimed history of penicillin allergy were not more likely to develop a presumed hypersensitivity reaction to a carbapenem than those who do not claim to be allergic.


      All -penems are Watch* antibiotics according to the AWaRe classification, except faropenem and when they are used in combinations that belong to the Reserve category (e.g. meropenem + vaborbactam and imipenem + cilastatin + relebactam). The combination meropenem + sulbactam is classified as Not recommended. 


      Antimicrobial stewardship initiatives advocate judicious and restricted use of carbapenems, aiming to reduce their use in the health system to contain the emergence of resistance and preserve the efficacy of these critical antibiotics.


      * https://aware.essentialmeds.org/groups

    


    WHO’s list of essential medicines


    Imipenem combined with cilastatin is included in WHO’s Essential Medicines List for treating neutropenia in high-risk patients, severe peritoneal abscesses, severe peritonitis, and multidrug-resistant tuberculosis. It is listed as a therapeutic equivalent to meropenem for these indications. Both are classified as Watch antibiotics. Meropenem combined with vaborbactam is listed for the treatment of infections produced by carbapenem-resistant bacteria (such as Pseudomonas aeruginosa, Acinetobacter baumanii and Enterobacterales); this combination is classified as a Reserve antibiotic.


    Chemistry


    Penicillins consist of a thiazolidine ring connected to a beta-lactam ring (the penicillin nucleus), to which side chains (R) are attached. The penicillin nucleus itself is the chief structural requirement for biological activity.


    Thienpenem (thienamycin) was identified in the mid-1970s as a potent broad-spectrum antibiotic, with the typical four-membered beta-lactam structure fused to a novel five-membered ring in which carbon rather than sulfur was present at the 1-position. Because of its chemical instability, this carbapenem was never developed as a therapeutic agent, but it was stabilized by adding an N-formimidoyl group to the 2-position, resulting in imipenem.


    
      Fig. 1. The basic structure of the carbapenems and commonly used -penem antibacterials: imipenem, meropenem, ertapenem and doripenem.

      [image: ]

      Source: Collated from search: “Composition: Chemical structures” (https://pubchem.ncbi.nlm.nih.gov).

    

    Antimicrobial activity


    Carbapenems have a broader spectrum of activity than most other beta-lactams; they are effective against many Gram-positive and Gram-negative bacteria and anaerobes. Carbapenems show bactericidal activity against extended-spectrum beta-lactamase (ESBL)-producing organisms such as Escherichia coli, Klebsiella pneumoniae, OXA-48-producing K. pneumoniae, Pseudomonas aeruginosa and Streptococcus pneumoniae.


    The activity of imipenem is excellent for a wide variety of aerobic and anaerobic microorganisms. Streptococci (including penicillin-resistant S. pneumoniae), enterococci (excluding Enterococcus faecium and non-β-lactamase-producing penicillin-resistant strains), staphylococci (including penicillinase-producing strains), and Listeria monocytogenes are all susceptible. Its activity is excellent against Enterobacteriaceae, including cephalosporin-resistant organisms, by expression of extended-spectrum beta-lactamases. Most Pseudomonas spp. and Acinetobacter spp. strains are inhibited. Anaerobes, including Bacterioides fragilis, are highly susceptible.


    Ertapenem has broad-spectrum activity against both Gram-negative and Gram-positive bacteria, including aerobic and anaerobic types. It should be noted that ertapenem does not provide coverage against P. aeruginosa and has inferior activity against Acinetobacter spp. Its spectrum of activity against Gram-positive organisms, Enterobacteriaceae and anaerobes makes it useful for intra-abdominal and pelvic infections.


    Tebipenem lacks appreciable antipseudomonal activity.


    Main indications


    Imipenem (with cilastatin) is used to treat severe, complicated infections, including hospital-acquired pneumonia, intra-abdominal infections, skin and soft-tissue infections, and urinary tract infections.


    Ertapenem is licensed for treating abdominal and gynaecological infections and for community-acquired pneumonia.


    Meropenem and doripenem have greater activity than imipenem against isolates of P. aeruginosa that lack the outer membrane porin protein.


    According to WHO’s Essential Medicines List, imipenem combined with cilastatin is listed as the therapeutic equivalent of meropenem. It is indicated as the first choice for patients with multidrug-resistant tuberculosis and as a second choice for peritoneal abscesses, peritonitis and neutropenia. The combination of meropenem and vaborbactam is indicated in treating infections with carbapenem-resistant bacteria (Enterobacterales, P. aeruginosa and A. baumanii).


    Mechanism of action


    Peptidoglycan is a heteropolymer consisting of sugars and aminoacids with a highly cross-linked structure that provides rigid mechanical stability to the bacterial cell wall. In Gram-positive bacteria, the cell wall is 50–100 molecules thick; in Gram-negative bacteria, it is only 1 or 2 molecules thick.


    Beta-lactam antibiotics inhibit a peptidoglycan transpeptidase in the bacterial cell wall, known as penicillin-binding protein (PBP). PBP catalyses the crosslinking of peptidoglycan layers within the cell wall, providing structure and integrity to the cell. When beta-lactams bind to PBP, the structural integrity of peptidoglycan cross-linkage is compromised, and the cells are susceptible to lysis by osmotic pressure. Other PBPs are necessary for cell division, shape, and other essential processes.


    The -penem antibacterials, like other beta-lactam antibiotics, bind to PBPs, disrupt bacterial cell wall synthesis, and cause the death of susceptible microorganisms. These substances are very resistant to hydrolysis by most beta-lactamases.


    Adverse reactions


    Common or very common adverse reactions (1 in 100 to 1 in 10) include diarrhoea, headache, nausea, skin reactions, thrombophlebitis and vomiting. Imipenem + cilastatin also produces eosinophilia. Seizures have been noted in up to 1.5% of patients, especially when high doses of imipenem + cilastatin are given to patients with CNS (central nervous system) lesions or renal insufficiency. Meropenem may be less likely to cause seizures.


    Uncommon adverse reactions (1 in 1000) include bone marrow disorders, confusion, dizziness, drowsiness, hallucinations, hypotension, leucopenia and movement disorders. Seizures are uncommon when carbapenems are administered at recommended doses. The manufacturers of ertapenem have reported that it can uncommonly cause sinus bradycardia and rarely unspecified arrhythmias and tachycardia. Antibiotic-associated colitis is common with ertapenem and meropenem and rare with imipenem + cilastatin. Hypoglycaemia has been described in patients taking meropenem + vaborbactam.


    Rare or very rare adverse reactions (1 in 10 000 or less) include anaphylactic reactions and angioedema, hepatic disorders, renal impairment, severe cutaneous reactions, and seizures.


    Warnings and precautions


    
      	Carbapenem use may be reasonable for penicillin-allergic patients if the benefit outweighs the risk; patients with a claimed history of penicillin allergy were not more likely to develop a presumed hypersensitivity reaction to a carbapenem compared to those who did not claim such an allergy. Avoid carbapenems if the patient has a history of a recent hypersensitivity reaction to beta-lactam antibacterials.

    


    Use in specific populations


    Pregnancy – There is limited information about the effects of carbapenem derivatives in pregnancy, so it is recommended to avoid them.


    Breastfeeding – Low-grade evidence suggests that imipenem + cilastatin is suitable for use. Ertapenem enters breast milk, so it is recommended to avoid it during breastfeeding.


    Renal impairment – The dose of imipenem should be reduced in patients with renal insufficiency. Patients with reduced estimated glomerular filtration rate (eGFR) are at an increased risk of seizures and CNS adverse reactions. The maximal dose of ertapenem is 500 mg daily if eGFR is less than 30 mL/min/1.73 m2. For meropenem and meropenem + vaborbactam, dosage adjustment is recommended in patients with renal impairment who have an eGFR <50 mL/min/1.73 m2.


    Driving and skilled tasks – The increased risk of dizziness and lethargy can affect driving and skilled tasks. The increased risk of seizures should also be considered.


    Pharmacokinetics


    
      	Absorption – All penem antibiotics are formulated for intravenous infusion, except meropenem, which is formulated as a solution for intravenous injection. Tebipenem is dosed as the pivoxil ester, rendering it orally bioavailable for paediatric use.


      	Distribution – Meropenem is the only -penem that can be used to treat meningitis because of its excellent penetration into the meninges.


      	Metabolism – Imipenem is hydrolysed by a dipeptidase found in the brush border of the proximal renal tubules. To prolong drug activity, imipenem is combined with cilastatin, an inhibitor of the dehydropeptidase, blocking its renal metabolism. Both imipenem and cilastatin have a half-life of ~1 hour. Meropenem does not require co-administration with cilastatin, because it is not sensitive to the renal dipeptidase.


      	Elimination – When given with cilastatin, ~70% of administered imipenem is recovered as the active drug in the urine.
Ertapenem has a long elimination half-life because of its high protein binding (95%). This supports a once-daily dosing regimen (1 g/24 hours administered as an intravenous infusion over 30 minutes).
Doripenem, ertapenem and meropenem are more chemically stable than imipenem, thus giving them longer shelf-lives and the potential for prolonged infusion times.

    


    Drug–drug interactions


    
      	Carbapenems reduce serum concentrations of sodium valproate; their concomitant use should be avoided.


      	Concomitant use of ganciclovir or valganciclovir with imipenem increases the risk of seizures.

    


    Administration


    All commonly used -penems are presented as a powder to be reconstituted just before infusion or intravenous injection. Imipenem is the least stable of the group. Tebipenem is formulated as the pivoxil ester for oral administration (paediatric use); it has been marketed in Japan.


    Dosage forms


    
      	Intravenous infusion of ertapenem – Give intermittently in sodium chloride 0.9%. Reconstitute 1 g with 10 mL (final concentrations should not exceed 20 mg/mL) and give over 30 minutes. It is incompatible with glucose solutions.


      	Intravenous infusion of imipenem and cilastatin – Dilute to a concentration of 5 mg (such as imipenem) in sodium chloride 0.9%; give 500 mg of imipenem over 20–30 minutes and increase the infusion time for higher doses.


      	Intravenous injection of meropenem – To be administered over 5 minutes.


      	Intravenous infusion of meropenem – Give intermittently in a solution of 1–20 mg/mL diluted in glucose 5% or sodium chloride 0.9% and give over 15–30 minutes.

    


    Substances with INNs*


    biapenem (69), doripenem (83), ertapenem (84), faropenem (69), imipenem (50), lenapenem (73), meropenem (60), panipenem (64), razupenem (101), ritipenem (67), sulopenem (68), tacapenem (87), tebipenem pivoxil (82), tomopenem (95)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      17. Quinolone antibiotics (including fluoroquinolones)


      -oxacin (x) – antibacterials, nalidixic acid derivatives 
 -floxacin

    

    
      J – Anti-infective for systemic use


      J01 – Antibacterials for systemic use


      J01M – Quinolone antibacterials


      J01MA – Fluoroquinolones

    


    Stem


    -oxacin (x) – antibacterials, nalidixic acid derivatives


    Substem


    -floxacin


    Medical substances related to the class


    Medical substances using the stem -oxacin


    
      	cinoxacin 


      	fleroxacin 


      	enoxacin 


      	garenoxacin


      	nemonoxacin 


      	ozenoxacin 


      	rosoxacin 

    


    Medical substances using -floxacin


    
      	alatrofloxacin


      	amifloxacin 


      	balofloxacin 


      	besifloxacin


      	ciprofloxacin


      	danofloxacin


      	delafloxacin 


      	difloxacin


      	enrofloxacin 


      	finafloxacin


      	gatifloxacin 


      	gemifloxacin

    


    
      	grepafloxacin 


      	ibafloxacin 


      	lascufloxacin 


      	levofloxacin 


      	lomefloxacin 


      	marbofloxacin 


      	moxifloxacin 


      	nadifloxacin 


      	norfloxacin 


      	ofloxacin 


      	orbifloxacin


      	pazufloxacin

    


    
      	pefloxacin 


      	pradofloxacin 


      	prulifloxacin 


      	rufloxacin


      	sarafloxacin


      	sitafloxacin 


      	sparfloxacin 


      	temafloxacin 


      	tosufloxacin 


      	trovafloxacin 

    


    Medical substances not using the stem -oxacin


    
      	flumequine 


      	nalidixic acid 


      	oxolinic acid 


      	pipemidic acid 


      	piromidic acid

    


    
      Quinolone antibiotics – a summary


      Quinolones (identified by the stem -oxacin and the substem -floxacin) are synthetic antibiotics that inhibit bacterial DNA synthesis by inhibiting topoisomerase II and IV. Ciprofloxacin, levofloxacin and moxifloxacin are included in WHO's Essential Medicines List.


      This class evolved from first-generation agents (nalidixic acid) to fluoroquinolones with enhanced Gram-positive and Gram-negative coverage. Most have good oral bioavailability and wide tissue distribution. Protein binding varies significantly (20–30% for ofloxacin vs 90% for nalidixic acid). They are primarily renally cleared, but some undergo hepatic metabolism, particularly via CYP1A2 (ciprofloxacin).


      Relevant adverse reactions include tendinopathy (especially with concurrent corticosteroids), QT interval prolongation, and rarely aortic aneurysm. Multivalent cations significantly reduce drug absorption. Due to cartilage toxicity in animal studies, use in children is restricted to specific indications. Regulatory authorities now limit use to cases without alternative treatments, because of disabling adverse effects.

    


    WHO’s list of essential medicines


    Fluoroquinolone antibiotics are in the WHO Model List of Essential Medicines for adults and children. Ciprofloxacin is classified under the Watch group antibiotics (antibiotic classes with higher resistance potential and include most of the highest priority agents among the Critically Important Antimicrobials for Human Medicine and/or antibiotics at relatively high risk of selection of bacterial resistance). It is listed as the first choice for the treatment of several indications, such as acute invasive bacterial diarrhoea/dysentery, low-risk febrile neutropenia, mild-to-moderate pyelonephritis or prostatitis and enteric fever and as a second choice for cholera and mild-to-moderate complicated intra-abdominal infections. Ciprofloxacin is also listed as drops for topical application. Levofloxacin and moxifloxacin are listed for the treatment of multidrug-resistant tuberculosis. Ofloxacin is listed in ophthalmic preparations.


    Main indications


    
      	Treatment of infections due to susceptible strains of bacteria.

    


    Mechanism of action


    Quinolone antibiotics are a wide group of synthetic substances based on a quinoline or naphthyridone nucleus. Antibiotics of this family target the bacterial topoisomerase II (DNA gyrase) and topoisomerase IV, which are necessary for DNA replication. A positive supercoil is created during the DNA's transcription and replication. The DNA gyrase introduces negative supercoils into the DNA, which allows for its relaxation. Topoisomerase IV separates the DNA molecules produced during the DNA replication into the daughter cells. Quinolone antibiotics block the synthesis of DNA and achieve their bactericidal effect by interfering with topoisomerase II and IV.


    Substances within this group differ in the spectrum of bacteria they are active against. The first quinolone antibiotic, nalidixic acid, has a narrow spectrum of activity, mainly against the Gram-negative Enterobacteriaceae. Subsequently, similar substances with improved antibacterial activity were developed. An important development was the addition of fluorine to the C-6 position of the nucleus. This created a varied subgroup, which is referred to as fluoroquinolones. Substances from this group have an enhanced activity against Gram-positive and Gram-negative bacteria. Ciprofloxacin, levofloxacin, ofloxacin and pefloxacin, for example, are active against Gram-negative and Gram-positive bacteria. Some fluoroquinolones are also active against species of Chlamydia, Mycoplasma, Legionella, Brucella and Mycobacteria.


    The bactericidal effect is achieved in a concentration-dependent manner. The low systemic levels of earlier quinolone antibiotics and their high minimal inhibitory concentration allowed to use them mainly to treat urinary tract infections. The antibacterial activity of the fluoroquinolone antibiotics and their concentration on body fluids and tissues allows us to use them for infections on various additional sites, such as soft tissues, bones and joints and in intra-abdominal and respiratory infections.


    Over the years, resistance to quinolones has emerged. Resistance may develop due to bacterial genes encoding DNA gyrase or topoisomerase IV mutations. Another mechanism is the development of active drug transport out of the bacteria or a decreased uptake. Synthesis of proteins that bind to the topoisomerases and protect them are another, less common, cause for bacterial resistance.


    Adverse reactions


    Generally, quinolone antibiotics are well tolerated. Nausea, vomiting and diarrhoea are the most common adverse drug reactions. Nevertheless, over the years, many members of this pharmacological group (such as alatrofloxacin, cinoxacin, flumequine, nalidixic acid, pipemidic acid, temafloxacin and trovafloxacin) have been withdrawn from some or all the markets. This was due to severe and sometimes fatal adverse events. It is recommended to use this class only when there is a clear indication, when there is no appropriate alternative treatment. Quinolone antibiotics should be avoided in patients who already experienced severe adverse events and used with caution in patients who are at higher risk for adverse events.


    Hypersensitivity and other serious reactions – Serious and sometimes fatal reactions, such as anaphylactic reactions, may occur after the use of quinolone antibiotics. Patients should be advised to contact the prescriber when a skin rash, jaundice or other sign of hypersensitivity appears. An alternative treatment should be considered.


    Musculoskeletal System – Quinolone antibiotics have been associated with an increased risk of tendinitis and tendon rupture. Arthralgias and joint pain have been reported.


    Neurological effects – The most common adverse reactions in the central nervous system (CNS) are mild headache and dizziness. Hallucinations, delirium and seizures have also been reported under the use of quinolone antibiotics, although these are rare. The risk is higher in patients using concurrently non-steroidal anti-inflammatory drugs (NSAIDs) or theophylline. Peripheral neuropathy, which may be irreversible, has been described.


    Prolongation of the QT interval – Some quinolone antibiotics have been associated with prolongation of the QT interval on the electrocardiogram (ECG) and cases of arrhythmia. Cases of torsade de pointes have been reported.


    Aortic aneurysm – Fluoroquinolone antibiotics are associated with an increased risk of aortic aneurysm and dissection, particularly in elderly patients.


    Photosensitivity/ phototoxicity, which may manifest as exaggerated sunburn reactions in areas exposed to sun or UV light, is associated with quinolone antibiotic use.


    Hepatic – Liver enzyme elevations (increased ALT and/or AST) occurred in patients who received quinolone antibiotics. Cases of severe hepatotoxicity, including hepatic necrosis, life-threatening hepatic failure, and fatal events, have been reported.


    Disturbances in blood glucose levels – Fluoroquinolone antibiotics have been associated with blood glucose disturbances, including symptomatic hyperglycaemia and hypoglycaemia. This is more common in diabetic patients, receiving concomitant treatment with an oral hypoglycaemic agent (such as sulfonylurea) or with insulin and in older patients.


    Clostridium difficile-associated diarrhoea (CDAD) – The treatment with antibacterial agents alters the normal microbiome of the colon, which may lead to overgrowth of C. difficile. CDAD must be considered in all patients with diarrhoea following antibacterial use. Careful medical history is required as this may occur even months after using the antibacterial agent.


    Common contraindications


    
      	Hypersensitivity to the active substance, to other quinolone antibiotics or any of the excipients

    


    Warnings and precautions


    Limitation of use – Due to the serious adverse reactions associated with quinolone antibiotics, some regulatory authorities (such as the US Food and Drug Administration and the European Medicines Agency) limit their use for patients who have no alternative treatment.


    Resistance to antibiotics – To reduce the development of drug-resistance, antibiotics should always be used for documented or highly suspected infections, caused by bacteria susceptible to the treatment. They should never be used to treat viral infections.


    Superinfections – Prolonged use may result in overgrowth of non-susceptible bacteria and fungi. When such infections occur, the treatment with quinolone antibiotics should be discontinued, and replaced by an alternative. CDAD has been reported with the use of nearly all antibacterial agents. CDAD must be considered in all patients who present with diarrhoea following antibiotic use, even over 2 months following the treatment with the antibacterial agent.


    Musculoskeletal system – The use of quinolone antibiotics has been associated with an increased risk of tendinitis and tendon rupture. The risk is increased in older adults, patients using corticosteroids, and patients with kidney, heart or lung transplants. Fluoroquinolone antibiotics, including ciprofloxacin, levofloxacin, moxifloxacin and ofloxacin, may exacerbate muscle weakness in patients with myasthenia gravis. Therefore, caution should be used when administering those agents to patients with myasthenia gravis.


    Children and adolescents – Data on their safety in this population requires restricting the use of quinolone antibiotics to specific and defined indications. For example, in the USA, the use of ciprofloxacin in patients 1–17 years of age is indicated only for the treatment of complicated urinary tract infections and pyelonephritis or as a postexposure prophylaxis for inhalational anthrax.


    Photosensitivity – Substances in this class have been shown to cause photosensitivity reactions. Patients should be advised to avoid direct exposure to either extensive sunlight or UV irradiation during the treatment with quinolone antibiotics.


    Central nervous system – Adverse reactions such as anxiety, restlessness, insomnia, nightmares, agitation, delirium and confusion were reported under the use of quinolone antibiotics. Their use may trigger seizures or lower the threshold for seizures. Therefore, quinolone antibiotics should be used with caution in predisposed patients. As quinolone antibiotics may impair the ability to drive and operate machinery, it is advised not to engage in activities that require mental alertness or coordination until their effect is known.


    Peripheral neuropathy – An increased risk of peripheral neuropathy is associated with fluoroquinolone antibiotics. Patients experiencing symptoms of neuropathy, such as pain, burning, tingling, numbness, and/or weakness, should discontinue the use to prevent the development of an irreversible condition.


    Prolongation of the QT interval – Elderly patients, patients with known prolongation of the QT interval, patients with uncorrected hypokalaemia or receiving Class IA (quinidine, procainamide), or Class III (amiodarone, sotalol) anti-arrhythmic agents may be more susceptible to cardiac disorders related to effects on the QT interval.


    Aortic aneurysm and dissection – Increased rates of aortic aneurysm and dissection have been reported in epidemiological studies following the use of fluoroquinolones, particularly in elderly patients.


    Hepatobiliary system – Liver enzyme elevations are linked to the use of quinolone antibiotics and are usually mild and reversible. Although rare, idiosyncratic liver injury is associated with the use of fluoroquinolones. In some cases, quinolone antibiotics such as gatifloxacin and trovafloxacin were withdrawn due to severe adverse events, including hepatotoxicity. Among the currently used fluoroquinolones, ciprofloxacin and levofloxacin are the most frequently linked to liver injuries. The treatment should be discontinued in the event of any signs and symptoms of hepatic disease (such as anorexia, jaundice, and dark urine).


    Haemolytic anaemia has been described in patients with glucose-6-phosphate dehydrogenase deficiency under the use of quinolone antibiotics. Therefore, this group should be used only when the potential benefit is considered to outweigh the possible risk, and the occurrence of haemolysis should be monitored.


    Blood glucose levels – Fluoroquinolones have been associated with disturbances of blood glucose levels, including both hyperglycaemia and hypoglycaemia. Diabetic patients receiving concomitant treatment with an oral hypoglycaemic agent or insulin are at higher risk. In this population, close monitoring of blood glucose is recommended.


    Ciprofloxacin is a moderate inhibitor of the cytochrome P450 (CYP) 1A2. Caution is advised when it is used concomitantly with drugs metabolized by CYP 1A2 (such as clozapine, ropinirole, theophylline and tizanidine. The concomitant use of the latter substance and ciprofloxacin is contraindicated).


    Use in specific populations


    Pregnancy – Quinolone antibiotics cross the placenta and are found in the amniotic fluid at low concentrations. This therapeutic group was not found to be teratogenic in animals, but severe irreversible damage to joint cartilage was demonstrated in young dogs treated with quinolones. Although this effect was not described in children who were exposed prenatally, quinolone antibiotics are contraindicated during pregnancy due to the concerns that were raised. Recent publications (mostly regarding ciprofloxacin and norfloxacin) do not support this. However, the data are not sufficient to establish safety. Therefore, quinolones can be considered when insufficient alternative treatments exist, especially with better-documented agents. Local treatment with this family is acceptable during all stages of pregnancy.


    Nursing mothers – The data concerning ciprofloxacin, ofloxacin and levofloxacin suggest that their amount in breast milk is low. Concerns were raised regarding the use of quinolone antibiotics in nursing mothers, as they are associated with arthropathy and toxicity to cartilage in weight-bearing joints of immature animals. Substances belonging to this group are not considered the first choice during breastfeeding. However, when a quinolone antibiotic is required to treat a complicated infection, and no better-established treatment exists, breastfeeding may continue. When appropriate, ciprofloxacin is preferred, as the data regarding its use are better. The nursing infant should be monitored for possible effects on the gastrointestinal flora, such as diarrhoea or candidiasis (manifested as thrush or diaper rash). The infant's exposure to ciprofloxacin should decrease when breastfeeding is avoided 3–4 hours after administering the dose. The risk for the nursing infant due to maternal use of a topical preparation containing quinolone antibiotics is negligible.


    Paediatric use – Arthropathy and toxicity to cartilage in weight-bearing joints of immature animals raised concerns about age-related drug toxicities of quinolone antibiotics. Due to the limited data on their safety and concerns of significant adverse effects, the use of quinolone antibiotics is restricted to specific indications in the paediatric population.


    Geriatric patients – Older age per se is not considered an indication for dose reduction when administering quinolone antibiotics for older patients. However, geriatric patients are found to be at increased risk for developing severe adverse events, including aortic aneurysms and dissection and tendon disorders when treated with quinolone antibiotics. Renal function is an important route of elimination for quinolone antibiotics; it declines consistently with age and may lead to decreased clearance and higher drug exposure. The existence of other morbidities (and their respective treatments, which may interact with quinolone antibiotics) requires caution when administering this therapeutic group to the geriatric population.


    Renal impairment – Renal clearance is a dominant elimination route for most quinolone antibiotics. In patients with impaired renal function, clearance may be reduced while the exposure increases. Therefore, dose adjustment is required for most quinolone antibiotics when administered to this patient population. Moxifloxacin and pefloxacin are among the few members of this pharmacological group for which adjustment to impaired renal function is not required.


    Hepatic impairment – Transient elevations in liver enzymes may occur when using quinolone antibiotics. Dose adjustment may be required for nalidixic acid and ofloxacin in case of hepatic impairment. It is usually unnecessary for most patients using ciprofloxacin, levofloxacin, moxifloxacin and gemifloxacin. The treatment should be discontinued in the event of any signs and symptoms of hepatic disease (such as anorexia, jaundice, and dark urine).


    Sex – For some quinolone antibiotics, differences between women and men were demonstrated in the maximal concentration, the clearance or the exposure to the drug. In most cases, differences in the exposure were corrected after adjustment to the body weight and are not considered to have clinical importance. Dose adjustment is not required as per sex. However, dose adjustment may be required for some substances belonging to the quinolone antibiotics in case of low body weight.


    Pharmacokinetics


    Danofloxacin, difloxacin, enrofloxacin, ibafloxacin, marbofloxacin, orbifloxacin, pradofloxacin and sarafloxacin are used exclusively for veterinary indications and therefore are not in the scope of this review. Three quinolone antibiotics – ozenoxacin, besifloxacin and nadifloxacin – are used only topically. Their systemic absorption is very low, so they will not be discussed here.


    Quinolone antibiotics are usually well absorbed from the gastrointestinal tract; therefore, most can be administered orally. Alatrofloxacin makes an exception to this group, as it had been used only as an intravenous formulation. Once in the plasma, alatrofloxacin is quickly hydrolysed by plasma enzymes to create trovafloxacin (also used orally). Both substances were withdrawn from the markets due to severe, and sometimes even fatal, adverse events. Another prodrug is prulifloxacin, which undergoes an extensive first-pass metabolism to the active ulifloxacin.


    The time required to reach peak plasma concentrations is usually about one to two hours. Food may delay the time to peak level and reduce the maximal concentration. However, for many substances belonging to this class, it does not bear a clinically significant meaning. It is important to note that the absorption of this pharmacological group may be significantly reduced when taken with multivalent cations (such as antacids containing calcium, magnesium and/or aluminium, products containing ferrous sulfate), and sucralfate. Therefore, those substances should be administered separately.


    Once absorbed, quinolone antibiotics are generally widely distributed. Protein binding varies between the different substances, from as low as 20–30% for gatifloxacin, ofloxacin and pipemidic acid to 90% for nalidixic acid. Quinolone antibiotics cross the placenta and are found in the amniotic fluid at low concentrations. Ciprofloxacin, levofloxacin and ofloxacin are excreted to milk in low concentrations.


    The main route of elimination of quinolone antibiotics is urinary excretion. Ciprofloxacin, gatifloxacin, ofloxacin, levofloxacin and nalidixic acid are some substances with substantial renal clearance. Some of the substances in this group undergo both glomerular filtration and tubular secretion, such as ciprofloxacin, gatifloxacin and pazufloxacin. Since renal clearance is a significant route of elimination, many substances in this group require adjustment of the dose or time of administration when prescribed to patients with impaired renal function. Dose adjustment is not required for elderly patients with normal renal clearance.


    Nonetheless, some quinolone antibiotics do undergo hepatic metabolism processes. For example, ciprofloxacin undergoes extensive metabolism and is a strong inhibitor of cytochrome P (CYP) 1A2 and a moderate inhibitor of CYP3A4. Some of the metabolites of quinolone antibiotics have an antibacterial activity. For example, norfloxacin is an active metabolite of pefloxacin, but is also used as an antibacterial substance. For other quinolone antibiotics, such as moxifloxacin, gatifloxacin, sparfloxacin and trovafloxacin, the primary metabolic pathways are glucuronidation or conjugation to sulfate.


    The half-life time for this pharmacological group also varies significantly between the different substances: while rufloxacin has a half-life of over 40 hours and is therefore suitable for a once-daily administration, tosufloxacin has a half-life of two hours, and is administered 2–4-times daily. However, most quinolone antibiotics have half-lives of 4–12 hours and are administered once or twice daily.


    Drug–drug interactions


    Simultaneous administration of oral quinolone antibiotics and multivalent cation-containing drugs or mineral supplements (such as calcium, magnesium, aluminium, iron), polymeric phosphate binders (like sevelamer), sucralfate or antacids, and highly buffered drugs containing magnesium, aluminium or calcium reduce the absorption of quinolone antibiotics. Therefore, the administration of these preparations should be separated by at least two hours from quinolone antibiotics.


    Cytochrome P450-based interactions – ciprofloxacin is a moderate cytochrome P450 (CYP) 1A2 inhibitor. As such, it may increase the serum concentration of concomitantly administered substances, metabolized by this enzyme (such as clozapine, ropinirole, theophylline and tizanidine). Patients taking these substances concomitantly with ciprofloxacin should be monitored for clinical signs of overdose, and determination of serum concentrations may be necessary. The co-administration of ciprofloxacin and tizanidine is contraindicated.


    Renal secretion – probenecid interferes with renal secretion of some fluoroquinolones, such as ciprofloxacin, norfloxacin and pazufloxacin. This may result in an increase in quinolone serum concentration and a greater risk for adverse events.


    Warfarin – Simultaneous administration of quinolone antibiotics and warfarin may augment the anticoagulant effects of the latter. It is recommended to monitor the international normalized ratio (INR) frequently when a fluoroquinolone is concurrently administered with an oral anticoagulant and shortly after the treatment has finished.


    Antidiabetic medicines – Disturbances of blood glucose, including either hyperglycaemia or hypoglycaemia, have been reported in patients using concurrently fluoroquinolones and an antidiabetic agent. Monitoring of blood glucose is recommended.


    NSAIDs – Concomitant administration of an NSAID with quinolone antibiotics may increase the risk of CNS stimulation and convulsive seizures.


    Methotrexate – Increased plasma levels of methotrexate were reported in patients who used ciprofloxacin concomitantly. This may result in an increased risk of its associated toxicities. Therefore, an alternative treatment is preferred.


    Xanthine derivatives – Concurrent administration of some quinolone antibiotics (such as enoxacin, ciprofloxacin and pefloxacin) raised the serum concentrations of xanthine derivatives such as theophylline, pentoxifylline or caffeine. This may lead to an increased risk of adverse events and adverse reactions. Therefore, it may be necessary to reduce the dosage of xanthine derivatives when used in combination with a quinolone antibiotic.


    Melphalan – Nalidixic acid is contraindicated in patients undergoing concomitant therapy with melphalan or other related cancer chemotherapeutic alkylating agents, due to serious gastrointestinal toxicity such as haemorrhagic ulcerative colitis or intestinal necrosis.


    Phenytoin – Concomitant administration with ciprofloxacin or levofloxacin may alter phenytoin levels. Caution is required, and monitoring of phenytoin levels is recommended.


    Administration


    Concurrent administration of oral quinolone antibiotics and multivalent cation-containing drugs or mineral supplements (such as calcium, magnesium, aluminium and iron) reduce the absorption of quinolone antibiotics. Therefore, administering these preparations should be separated from quinolone antibiotics by at least two hours.


    Most quinolone antibiotics can be administered with or without food. As multivalent cations may reduce their absorption, quinolone antibiotics should be taken at least two hours apart from dairy products or mineral-fortified drinks.


    To prevent crystalluria, patients receiving quinolone antibiotics should maintain adequate hydration.


    Monitoring


    
      	The efficacy of the antibiotic treatment for the indication it was prescribed for should be evaluated (such as the resolution of the signs and symptoms). When not enough improvement is achieved, it may be necessary to collect a culture and assess the susceptibility of the bacteria to the treatment.


      	When quinolone antibiotics are used for prolonged periods, liver enzyme should be monitored (ALT and AST), as well as renal function.


      	When quinolone antibiotics are co-administered with oral anticoagulants such as warfarin, the INR should be monitored. The dose of the anticoagulant may then need to be adjusted.


      	The signs and symptoms of adverse events such as QT interval prolongation, tendinopathies, CDAD.


      	Blood glucose levels: diabetic patients, receiving concomitant treatment with an oral hypoglycaemic agent (such as sulfonylurea) or insulin should monitor their blood glucose levels.

    


    Overdose


    The most common events following overdosage of quinolone antibiotics are gastrointestinal, such as nausea and vomiting, diarrhoea, abdominal pain, and elevated liver enzymes. Severe effects were also reported and may include hepatitis and hepatic failure, QT interval prolongation and torsade de pointes, rhabdomyolysis, seizures and hallucinations.


    Only small fractions of the ingested quinolone antibiotics can be removed by peritoneal dialysis and haemodialysis. In case of overdose, the mental status should be surveyed, and patients should receive supportive care. Liver enzymes and renal function should be monitored, hydration is required, and electrolytes should be corrected according to the clinical need.


    The patients need to be assessed using ECG for the possibility of QT interval prolongation. Adequate treatment should be administered according to the clinical situation (such as intravenous benzodiazepine for seizures, magnesium sulfate for torsade de pointes and, in some cases, electrical cardioversion).


    Dosage forms


    
      	Intravenous infusion


      	Oral tablet/capsule


      	Oral suspension


      	Granules for oral suspension


      	Ophthalmic suspension


      	Otic suspension


      	Cream


      	Oral gel (veterinary)


      	Solution for nebulization

    


    Important patient information


    
      	Quinolone antibiotics may cause dizziness and light-headedness. It is advised not to drive, operate machinery, or do other activities that require mental alertness or coordination until the effect of the treatment is known.


      	The use of quinolone antibiotics may make the skin more sensitive to the sun and to the light produced by sunlamps and tanning beds. This may lead to severe sunburns, blisters or swelling of the skin. It is advisable to avoid exposure to the sun, sunlamps and tanning beds. In case of unavoidable exposure to the sunlight, clothes that cover the skin, a hat, sunglasses and sunscreen should be used.


      	It is recommended to drink water liberally during the period quinolone antibiotics are used.


      	The absorption of oral quinolone antibiotics may be significantly reduced when taken with antacids containing magnesium and/or aluminium, products containing ferrous sulfate, multivitamin preparations containing zinc or other metal cations, didanosine preparations and sucralfate. Therefore, they should be administered separately, at least two hours apart from the quinolone antibiotics.


      	When using a topical dosage form, the hands should be washed after the treatment application (unless the hands are the area of treatment).


      	If quinolone antibiotics are used in ophthalmic preparations as a treatment for bacterial conjunctivitis, the patients should not wear contact lenses.


      	When using ophthalmic preparations, the patients should be advised to avoid touching the applicator tip.

    


    Substances with INNs*


    alalevonadifloxacin (114), cinoxacin (32), droxacin (36), fleroxacin (56), enoxacin (49), garenoxacin (87), irloxacin (53), miloxacin (40), nemonoxacin (96), ozenoxacin (96), rosoxacin (36), tioxacin (34)


    -floxacin: alatrofloxacin (75), amifloxacin (51), acorafloxacin (111), balofloxacin (71), besifloxacin (98), binfloxacin (60), cadrofloxacin (81), cetefloxacin (68), ciprofloxacin (50), clinafloxacin (67), danofloxacin (61), delafloxacin (100), difloxacin (55), ecenofloxacin (78), enrofloxacin (56), esafloxacin (60), fandofloxacin (78), finafloxacin (85), gatifloxacin (74), gemifloxacin (81), grepafloxacin (68), ibafloxacin (60), lascufloxacin (113), levofloxacin (64), levonadifloxacin (95), lomefloxacin (58), marbofloxacin (65), merafloxacin (69), moxifloxacin (78), nadifloxacin (64), norfloxacin (46), ofloxacin (49), olamufloxacin (79), orbifloxacin (68), pazufloxacin (71), pefloxacin (45), pradofloxacin (84), premafloxacin (72), prulifloxacin (72), rufloxacin (57), sarafloxacin (62), sitafloxacin (75), sparfloxacin (63), temafloxacin (58), tosufloxacin (60), trovafloxacin (73), ulifloxacin (89), vebufloxacin (69), zabofloxacin (93)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      18. Systemic antifungal agents, miconazole derivatives


      -conazole – systemic antifungal agents, miconazole derivatives

    

    
      J – Anti-infective for systemic use


      J02 – Antimycotics for systemic use


      J02A – Antimycotics for systemic use


      J02AC – Triazole and tetrazole derivatives

    


    Stem


    -conazole – systemic antifungal agents, miconazole derivatives


    Medical substances related to the class


    
      	fenticonazole (topical use)


      	fluconazole


      	isavuconazole


      	itraconazole


      	ketoconazole (mostly topical use)


      	miconazole (topical use)


      	oteseconazole


      	posaconazole


      	sertaconazole (topical use)


      	voriconazole

    


    
      Systemic antifungal agents, miconazole derivatives – a summary


      conazoles are systemic and topical antifungal agents. The imidazoles and triazoles impede the production of ergosterol, a necessary component of fungal cell membranes. Fluconazole, itraconazole and voriconazole are included in WHO’s Essential Medicines List for the treatment of systemic fungal infections, such as candidiasis, aspergillosis and pulmonary aspergillosis. Miconazole is listed for topical treatment of infections of the skin.


      The oral absorption of systemic-conazole substances is high, and they diffuse readily into body fluids. These substances are metabolized in the liver and are CYP3A4 inhibitors; this increases the risk of drug–drug interactions, which result in increased concentrations of certain other medicines (such as warfarin and phenytoin).


      Important adverse effects of the -conazole drugs include liver function impairment and QTc interval prolongation. Avoidance of these antifungals is recommended during pregnancy and breastfeeding; dosages should be adjusted in renal impairment and they should be used with caution in patients with hepatic impairment.

    


    WHO’s list of essential medicines


    Miconazole (D01AC02) is an imidazole. It is listed as a cream (2%) or ointment (2%) for topical treatment of skin fungal infections.


    Triazole and tetrazole derivatives (J02AC) listed in the 23rd WHO Model List of Essential Medicines (published in June 2023) are fluconazole, itraconazole and voriconazole.


    Fluconazole is listed for the treatment of cryptococcosis and candidosis; itraconazole is indicated for treating chronic pulmonary aspergillosis, chromoblastomycosis, histoplasmosis, talaromycosis, sporotrichosis and paracoccidioidomycosis; and voriconazole is indicated for the treatment of chronic pulmonary aspergillosis and invasive aspergillosis.


    Chemistry


    Azole antifungals contain two or three nitrogen atoms in their azole ring, designated as imidazoles or triazoles, respectively. Imidazoles cannot combat Aspergillus species and are therefore predominately used to treat superficial and mucosal infections (e.g. miconazole, ketoconazole). Triazoles are heterocyclic compounds containing a five-membered ring with two carbon and three nitrogen atoms. They have more favourable pharmacokinetic profiles than imidazoles, and do not significantly inhibit human sterol synthesis (e.g. itraconazole, fluconazole, voriconazole).


    Main indications*


    
      	Prevention and systemic treatment of fungal infections (candidosis, cryptococcosis, aspergillosis, coccidioidomycosis, histoplasmosis, blastomycosis)


      	Treatment of tinea pedis, corporis and cruris, pityriasis versicolor and onychomycosis


      	Prevention of fungal infections in immunocompromised patients.

    


    * Not all drugs have the same efficacy against all the agents, and not all indications are approved for all the substances in the therapeutic class.


    Mechanism of action


    The imidazoles and triazoles impede the production of ergosterol, a necessary sterol for fungal cell membranes, by inhibiting lanosterol 14-α demethylase (CYP51). This inhibition results in the buildup of toxic precursor methyl sterols. Thereby, ergosterol is depleted and methyl sterols accumulate within the cell membrane and lead to either inhibition of fungal cell growth or death, depending on the species and antifungal compound involved.


    Some azoles directly increase the permeability of the fungal cytoplasmic membrane, but the concentrations required are probably obtained only with topical use. Triazoles bind with slightly different affinities for fungal demethylase enzymes, resulting in varied antifungal characteristics and adverse effects. Generally, triazoles are fungistatic; only voriconazole and itraconazole are considered fungicidal.


    Adverse reactions


    The triazole class is frequently prescribed for patients requiring long courses of treatment. Some non-serious adverse drug reactions may be unpleasant, so self-discontinuation of treatment is not uncommon.


    GENERAL ADVERSE EFFECTS 


    
      	Common or very common: diarrhoea, constipation, gastrointestinal discomfort, headache, skin reactions, reduced appetite, chest pain, delirium, hepatic disorders, thrombophlebitis, alopecia.


      	Uncommon: dizziness, flatulence, seizures, altered taste, peripheral neuropathy, renal impairment, hearing loss, vasculitis.


      	Rare or very rare: dyslipidaemia, hypokalaemia, agranulocytosis, leucopenia, neutropenia, thrombocytopenia, QTc interval prolongation, torsade de pointes, severe cutaneous adverse reactions.

    


    SPECIFIC ADVERSE EFFECTS


    
      	Common or very common 

      
        	isavuconazole (IV use): hyperbilirubinaemia;


        	itraconazole (IV use): chest pain, confusion/dizziness, tremors, electrolyte imbalance, granulocytopenia, tachycardia, hyperglycaemia, myalgia, renal impairment, urinary incontinence, heart failure due to a negative inotropic effect.

      



      	Uncommon 

      
        	fluconazole (parenteral use): anaemia, reduced appetite, constipation, drowsiness, dry mouth, insomnia, malaise, myalgia, paraesthesia, vertigo;


        	isavuconazole (IV use): peripheral oedema;


        	itraconazole (IV use): dysphonia, thrombocytopenia; (oral use): increased risk of infection.

      



      	Rare or very rare 

      
        	fluconazole (parenteral use): angioedema, facial oedema, tremor;


        	itraconazole (oral use): leucopenia; tinnitus, erectile dysfunction, increased urinary frequency, potentially life-threatening hepatotoxicity;


        	voriconazole: phototoxicity.

      



      	Frequency not known 

      
        	fluconazole (oral use): cardiorespiratory distress, peripheral oedema;


        	voriconazole: hepatotoxicity has been reported, with increased risk in patients with haematological malignancies.

      


      Common contraindications


      



      	Acute porphyria. This applies to oral and intravenous -conazoles; topical -conazole substances appear to be safe, because of low systemic concentrations.


      	Short QT syndrome (isavuconazole).

    


    Warnings and precautions


    
      	Susceptibility to QT interval prolongation (fluconazole, posaconazole, voriconazole).


      	Active liver disease or a history of hepatotoxicity with other medicines (itraconazole).


      	Susceptibility to congestive heart failure (itraconazole).


      	There is limited information on use in elderly people (isavuconazole).


      	Caution if body weight is over 120 kg or under 60 kg, because of the risk of treatment failure and increased adverse effects, respectively (posaconazole).


      	Exposure to sunlight (voriconazole).

    


    Use in specific populations


    Pregnancy – Avoid. Multiple congenital abnormalities have been reported (fluconazole, isavuconazole, itraconazole, posaconazole, voriconazole).


    Breastfeeding – Avoid (isavuconazole, itraconazole, posaconazole, voriconazole).


    Contraception should be ensured during treatment and until the next menstrual period (itraconazole, posaconazole, voriconazole). Vaginal miconazole damages latex condoms; vaginal econazole and fenticonazole damage latex condoms and diaphragms.


    Geriatric use – Limited information (isavuconazole).


    Risk of heart failure – Use with caution (itraconazole).


    Renal impairment – Dosage adjustments: in adults, give the usual initial dose, then halve subsequent doses if the eGFR is less than 50 mL/min/1.73 m2 (fluconazole). In children: give the usual initial dose, then halve subsequent doses if the eGFR is less than 50 mL/min/1.73 m2 (fluconazole). Use intravenous infusion with caution if the eGFR is 30–80 mL/min/1.73 m2 (itraconazole, posaconazole); avoid if the eGFR is less than 30 mL/min/1.73 m2 (itraconazole). Avoid intravenous infusion if the eGFR is less than 50 mL/min/1.73 m2 because of accumulation of the intravenous vehicle (voriconazole).


    Hepatic impairment – Caution (fluconazole, isavuconazole, posaconazole, voriconazole); use only when benefits outweigh the risks of harms (itraconazole). Mild-to-moderate cirrhosis: use the usual initial loading dose and then halve the maintenance dose (voriconazole).


    Driving and skilled tasks – Caution owing to the risk of dizziness, confusion and syncope (isavuconazole, posaconazole).


    Pharmacokinetics


    Absorption – Oral absorption is high, but there are differences depending on the gastric pH, except for fluconazole. Additionally, there can be differences depending on the formulation: the capsule form is best absorbed in the fed state (itraconazole), but the oral solution is better absorbed in the fasting state (itraconazole). In the case of posaconazole, the bioavailability of the oral suspension is significantly enhanced by the presence of food. At the same time, concomitant use of medicines that reduce gastric acid reduces posaconazole absorption. However, food reduces the AUC of isavuconazole, and high-fat meals reduce voriconazole bioavailability.


    Topical formulations of -conazole substances readily penetrate the skin's stratum corneum; miconazole persists in the mucosa for up to 4 days after application.


    Distribution – -conazole substances diffuse readily into body fluids, including breast milk, sputum and saliva; fluconazole concentrations in the cerebrospinal fluid (CSF) can reach 50–90% of the simultaneous values in plasma. Protein binding varies from 12% (fluconazole) to 99% (isavuconazole, itraconazole, posaconazole).


    Metabolism – -conazole substances are metabolized in the liver. Itraconazole is both a substrate for and a potent inhibitor of CYP3A4. Fluconazole is an inhibitor of CYP3A4 and CYP2C9. Isavuconazole is eliminated by hepatic metabolism, predominantly by CYP3A4 and CYP3A5. CYP2Cl9 metabolizes posaconazole; so systemic exposure is 4-times higher in homozygous CYP2Cl9 slow metabolizers than in homozygous wild-type metabolizers. Voriconazole is metabolized by CYPs 2C19 and 2C9; CYP3A4 plays a limited role. Genetic polymorphisms in CYP2C19 can cause up to 4-fold differences in voriconazole exposure: about 20% of Asians are homozygous poor metabolizers, compared with 2% of whites and African Americans.


    Itraconazole is present in the plasma at about the same concentration as a biologically active metabolite, hydroxy-itraconazole.


    Excretion – Renal excretion is an important route for eliminating -conazole substances. However, while fluconazole is excreted largely unchanged in the urine and can be used to treat candiduria, the situation is different for other substances: less than 2% of active voriconazole is recovered from the urine, and less than 1% of isavuconazole is excreted unchanged in the urine.


    The elimination t1/2 varies between 25 and 30 hours (fluconazole, posaconazole) and 6 hours (voriconazole).


    The dosage interval should be increased from 24 to 48 hours with a creatinine clearance of 21–40 mL/min and to 72 hours at a creatinine clearance of 10–20 mL/min (fluconazole).


    Drug–drug interactions


    The -conazole substances interact with hepatic CYPs as substrates and inhibitors, thus providing many possibilities for drug–drug interactions. They increase the plasma concentrations of co-administered medicines (e.g. warfarin, phenytoin, tacrolimus and midazolam) while other co-administered medicines reduce the plasma concentrations of the antifungal agents (e.g. H2 receptor antagonists).


    Additionally, itraconazole interacts with negative inotropic medicines (e.g. calcium channel blockers) and may increase the risk of heart failure.


    Administration


    
      	For intravenous infusion of fluconazole in children: give it over 10–30 minutes; do not exceed an infusion rate of 5–10 mL/min.


      	Intravenous infusions of isavuconazole, itraconazole, posaconazole and voriconazole must be prepared following the manufacturer's guidance for reconstitution and dilution.


      	Intravenous infusion of isavuconazole can be associated with certain adverse reactions (hypotension, dyspnoea, dizziness, paraesthesia).


      	Oral solutions of itraconazole should not be taken with food; the recommendation is to swish around the mouth and swallow without rinsing afterwards.

    


    Monitoring


    
      	Periodically, liver function in the case of high doses or extended courses (fluconazole, isavuconazole, itraconazole, posaconazole, voriconazole).


      	Plasma concentration of itraconazole; possible reduced absorption in AIDS and neutropenia.


      	Electrolytes (potassium, magnesium and calcium) before and during therapy (posaconazole).

    


    Overdose


    Certain adverse drug reactions can suggest an overdose. For example, hallucinations and other psychiatric manifestations can suggest an overdose of fluconazole. In the event of an overdose, symptomatic treatment (with supportive measures and gastric lavage if clinically indicated) should be instituted, and, if necessary, a short haemodialysis session, which reduces plasma concentrations by about 50% in 3 hours.


    A few published cases of voriconazole overdose presented altered consciousness, which can be accompanied by liver toxicity. In one case, there was photophobia. The manufacturer recommends haemodialysis, which also eliminates the intravenous vehicle, sulfobutylether-β-cyclodextrin (SBE-β-CD).


    There is no record of posaconazole overdose, except for one patient in a clinical trial unassociated with adverse reactions. Posaconazole is not removed by haemodialysis.


    Dosage forms


    
      	Oral (capsule or tablets and oral suspension)


      	Parenteral (infusion and powder or solution for infusion)


      	Pessary (for vaginal use)


      	Cream, ointment (for topical cutaneous or vaginal use)

    


    Important patient information


    
      	Patients should be aware of signs and symptoms suggestive of hepatotoxicity.


      	Some -conazole substances (isavuconazole, posaconazole) can produce dizziness, confusion, and syncope, so drivers and people doing skilled tasks should be aware of these possible adverse effects.


      	Patients using voriconazole should be advised of possible phototoxicity.


      	Patients using vaginal conazole substances should be aware of the interaction of the antifungal with latex condoms and diaphragms.

    


    Tolerance and resistance


    Antifungal tolerance is a transient phenomenon that refers to the slow growth or survival of a subpopulation of fungal cells in a clonal population without known stable genetic mutations. In Candida species, “azole tolerance” has been described as the slow growth of a subpopulation in the presence of supra-MIC fungistatic azoles. Antifungal-tolerant cells can give rise to progeny displaying the same MIC and tolerance level as the wild-type-susceptible parental strain. Therefore, mechanisms underpinning antifungal tolerance are thought to be physiological/epigenetic.


    Antifungal resistance can be either adaptive and emerge after exposure to antifungals, such as -conazole resistance in major Candida species, or intrinsic, which refers to pre-existing mechanisms counteracting the activity of the substance. Resistance in fungal species can be classified into three major categories, all relevant to -conazole substances, namely (i) overexpression of efflux pumps, which actively pump antifungal compounds out of cells; (ii) overexpression of the drug target, to compensate for the occupied antifungal target; and (iii) drug target alteration or silencing, which modulates the affinity of the medicine for the target.


    Fungal resistance to -conazole substances seems to be attributable to changes in ERG11, the gene responsible for the 14-α-demethylase enzyme. Point mutations in this gene result in a reduced affinity of the azole for its receptor, and overexpression of the enzyme results in a reduced effect of the antifungal medication, requiring a higher dose.


    Substances with INNs*


    albaconazole (87), aliconazole (43), alteconazole (53), arasertaconazole (93), azaconazole (45), becliconazole (65), bifonazole (44), brolaconazole (58), butoconazole (40), cisconazole (59), croconazole (55), cyproconazole (ISO), dapaconazole (111), democonazole (42), diniconazole (ISO C₁₇H₁₇Cl₂N₃O), doconazole (37), eberconazole (64), econazole (27), efinaconazole (104), embeconazole (92), enilconazole (44), etaconazole (ISO), fenticonazole (44), fluconazole (54), fosfluconazole (83), fosravuconazole (110), furconazole (ISO/TC 81 N 872 C₁₅H₁₄Cl₂F₃N₃O₂), hexaconazole (ISO C₁₄H₁₇Cl₂N₃O), isavuconazole (96), isoconazole (30), itraconazole (50), ketoconazole (43), lanoconazole (66), levoketonazole (114), luliconazole (86), miconazole (22), neticonazole (63), omoconazole (45), orconazole (40), oteseconazole (115), oxiconazole (42), parconazole (39), penconazole (ISO), posaconazole (82), propiconazole (ISO), pramiconazole (95), quilseconazole (116), ravuconazole (83), saperconazole (59), sertaconazole (56), sulconazole (38), tebuconazole (ISO C₁₆H₂₂CIN₃O), terconazole (45) [originally triaconazole], tioconazole (40), uniconazole (ISO C₁₅H₁₈ClN₃O), valconazole (40), voriconazole (73), zinoconazole (50), zoficonazole (43)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      19. Hepatitis virus C (HVC) protease inhibitors


      -previr – Hepatitis virus C (HVC) protease inhibitors

    

    
      J – Anti-infective for systemic use


      J05 – Antivirals for treatment of HCV infections


      J05A – Direct-acting antivirals


      J05AP – Antivirals for treatment of HCV infections

    


    Stem


    -previr – Hepatitis virus C (HVC) protease inhibitors


    Medical substances related to the class


    
      	glecaprevir


      	grazoprevir


      	paritaprevir


      	simeprevir


      	voxilaprevir

    


    
      Hepatitis virus C (HVC) protease inhibitors – a summary


      The -previr stem comprises direct-acting antiviral substances (DAAs) that selectively inhibit the hepatitis C virus (HCV) NS3/4A serine protease, an essential enzyme for viral replication and immune evasion. These peptidomimetic compounds include three major structural classes.


      All -previr substances are susceptible to genetically determined viral resistance. They require combination therapy with other DAAs to prevent emergence of resistance and achieve sustained virological response rates >95%. Critical drug–drug interactions occur through inhibition of transporters, necessitating careful monitoring with substrates like the HMG CoA reductase inhibitors used as antihyperlipidaemics (stem -vastatin) and anticoagulants. Contraindications include decompensated cirrhosis and co-administration with strong CYP3A4 modulators. Standard treatment duration is 8–12 weeks. The combination of glecaprevir/pibrentasvir is WHO’s Essential Medicines List choice for pan-genotypic HCV therapy.

    


    WHO’s list of essential medicines


    Glecaprevir combined with pibrentasvir has been listed in the WHO Essential Medicines List (EML) for the treatment of chronic hepatitis C since 2019. In 2021, it was also included in the EML for Children. The EML specifies that medicines within the same pharmacological class can be used, although simeprevir was removed from the EML in 2019.


    Simeprevir was removed from the EML in 2019 because its place in therapy was superseded by the pan-genotypic options.


    Chemistry


    -previr substances include peptidomimetic compounds with macrocyclic structures (such as simeprevir) that act as noncovalent inhibitors of the HCV NS3 protease. NS3 protease (non-structural protein 3 protease) is a serine protease enzyme that the virus needs for splitting its polyprotein into functional virus proteins; NS4A is a cofactor for NS3.


    The most important structural classes of the -previrs include:


    
      	Linear ketoamide inhibitors: these form reversible covalent bonds with catalytic serine (such astelaprevir, boceprevir).


      	P1-P3 macrocyclic compounds: these contain carbamate-linked P2 isoindoline moieties (such asdanoprevir, simeprevir, paritaprevir).


      	P2-P4 macrocyclic compounds: these feature constrained macrocycles for enhanced selectivity (such asvaniprevir, grazoprevir).

    


    P1-P4 subsites in the HCV NS3/4A protease has substrate binding subsites named P1 to P4; this nomenclature is used for protease–substrate interactions.


    
      Fig. 1. Chemical structure of some -previr substances.

      [image: ]

      Source: Collated from search: “Composition: Chemical structures” (https://pubchem.ncbi.nlm.nih.gov).

    

    Main indications


    
      	Treatment of chronic hepatitis C virus (HCV) infection (pan-genotypic therapy), typically used in combination therapy regimens with direct-acting antivirals (DAAs)


      	Patients who have had treatment failure with other DAAs; rescue therapy in combination with other DAAs for difficult-to-treat cases


      	Treatment for patients without cirrhosis or compensated cirrhosis

    


    Mechanism of action


    The -previr DAAs are protease inhibitors that directly target specific HCV proteins essential for viral replication, specifically the catalytic subunit (NS3) and the cofactor peptide that enhances enzymatic activity (NS4A); they are usually described as NS3/4A inhibitors. NS proteases are serine protease enzymes and the virus needs both NS3 protease for splitting its polyprotein into functional virus proteins, and NS4A, a cofactor for NS3.


    The HCV NS3/4A protease is responsible for cleaving the viral polyprotein at four sites. This cleavage releases proteins essential for viral maturation; by inhibiting this process, -previr substances prevent the formation of mature viral components required for replication.


    Additionally, NS3/4A normally impairs host-mediated viral elimination by cleaving host proteins related to immune signalling; inhibition of this activity may help restore immune responses against the virus. Therefore, -previr substances reduce viral load by inhibiting HCV RNA replication.


    All NS3/4A protease inhibitors form three common hydrogen bonds with the protease backbone. Linear ketoamide inhibitors (such as boceprevir) form covalent bonds with the catalytic serine. Macrocyclic inhibitors (such as grazoprevir, vaniprevir) contain acylsulfonamide groups positioned in the oxyanion hole, forming non-covalent interactions.


    Resistance profile


    -previr substances are generally susceptible to genetically determined viral resistance; only one or two aminoacid substitutions result in lack of drug efficacy. Common resistance-associated variants (RAVs) include R155K, D168E and D168V in the NS3 region. Swift emergence of RAVs occurs during monotherapy, necessitating combination treatment with other DAAs to optimize viral suppression and prevent development of resistance.


    P2 moieties (such as grazoprevir) extend into the S2 subsite, making critical interactions with R155, A156 and D168 that determine resistance profiles.


    Treatment-emergent RAVs can persist and may affect the success of future HCV treatments.


    Adverse reactions


    As -previr drugs are administered in combination with other drugs belonging to other stems, it is not always easy to identify the causal agent when adverse reactions occur. According to the available information:


    
      	Very frequent (>10%): headache (most frequent for voxilaprevir); gastrointestinal disorders (diarrhoea and nausea), fatigue, asthenia.


      	Common (1–10%): alopecia, anxiety, reduced appetite, arthralgia, constipation, depression, dizziness, dry mouth, insomnia, myalgia, pruritus, rash, vomiting. Photosensitivity reactions (particularly with simeprevir, owing to its sulfonamide moiety).


      	Uncommon (<1%): angioedema, increased bilirubin (more frequent with voxilaprevir, owing to inhibition of organic anion transport polypeptides 1B1 and 1B3).


      	Frequency unknown: anaemia, atrioventricular block, bradycardia, hepatitis B reactivation, homicidal ideation, pericardial effusion, peripheral ischaemia, pulmonary arterial hypertension, Stevens–Johnson syndrome, tongue discolouration, transient ischaemic attacks.

    


    Common contraindications


    
      	Decompensated cirrhosis (Child–Pugh B and C) for NS3/4A protease inhibitors.


      	Co-administration with P-glycoprotein inducers (rifampicin, carbamazepine, St John's wort, phenobarbital, phenytoin).


      	Co-administration with amiodarone (risk of bradycardia).


      	Severe renal impairment for some combinations (particularly those including sofosbuvir). Not recommended in severe renal insufficiency or end-stage renal disease.


      	Pregnancy when used in combinations that include ribavirin (because of a risk of teratogenicity).


      	Moderate-to-severe hepatic impairment.

    


    Warnings and precautions


    
      	Patients with pre-existing cardiovascular abnormalities (bradycardia, atrioventricular block): special attention should be paid, particularly when used with certain concomitant medications (see Drug–drug interactions).


      	Hepatitis B reactivation: screen patients for hepatitis B before starting treatment for hepatitis C – patients infected with both hepatitis B and C viruses must be monitored and managed according to current clinical guidelines.


      	Patients with diabetes: monitor glucose concentrations closely, because of the risk of hypoglycaemia, especially within the first 3 months of treatment, and modify diabetic medications or doses when necessary.


      	Patients receiving concomitant vitamin K antagonists: monitor the international normalized ratio (INR) closely, because of possible changes in liver function during DAA treatment.


      	Genotype 1a patients: NS5A resistance testing should be performed before starting certain regimens (such as grazoprevir/elbasvir), because pre-existing RAVs significantly reduce rates of sustained virological response (SVR).

    


    Use in specific populations


    Pregnancy – Limited human data; animal studies do not show reproductive toxicity, but caution is advised. However, combinations that include ribavirin are contraindicated in pregnancy, because of the teratogenic risk.


    Paediatric use – Children and adolescents: different DAA regimens in children induce high cure rates with minimal adverse effects and shorter durations of therapy. The combination of glecaprevir with pibrentasvir is listed in the EML for children. Specific paediatric formulations and weight-based dosing are available for certain combinations.


    Patients with cirrhosis


    
      	Compensated cirrhosis: generally suitable, often requiring longer treatment duration.


      	Decompensated cirrhosis: NS3/4A protease inhibitors are contraindicated in Child–Pugh stages B and C. There are reports of hepatic decompensation, hepatic failure, and death in patients with advanced liver disease receiving certain -previr agents; avoid in patients with decompensated cirrhosis.

    


    Renal impairment – There are limited data for patients with severe renal impairment. Generally, treatment is not recommended in severe cases. Grazoprevir/elbasvir is a preferred treatment option in patients with renal impairment, including those on haemodialysis.


    HIV/HCV co-infection – Treatment-naive people living with HIV and HCV (without cirrhosis or with compensated cirrhosis) are eligible for DAA therapy using a simplified treatment algorithm. High SVR rates (>95%) are achieved in HIV-co-infected individuals, but drug–drug interactions with antiretroviral drugs require careful consideration.


    Administration


    Oral administration, typically once daily with food, to increase absorption and bioavailability. Treatment duration ranges from 8 to 16 weeks. The standard treatment is 12 weeks, but it can be 8 weeks in naïve patients without cirrhosis. Patients with decompensated cirrhosis or multiple DAA failures can require longer treatments (24 weeks).


    Dosage forms


    Oral tablets, often administered as fixed-dose combination tablets with other DAAs such as:


    
      	elbasvir/grazoprevir: 50 mg/100 mg tablets


      	glecaprevir/pibrentasvir: 100 mg/40 mg tablets


      	sofosbuvir/velpatasvir: 400 mg/100 mg tablets


      	sofosbuvir/velpatasvir/voxilaprevir: 400 mg/100 mg/100 mg tablets


      	ritonavir-boosted paritaprevir/ombitasvir: 100 mg/150 mg/25 mg tablets.

    


    Pharmacokinetics


    Absorption – Increased when administered with food. Food increases simeprevir AUC by approximately 65%, glecaprevir AUC by 83–163%, and pibrentasvir AUC by 40–53%.


    Distribution – High plasma protein binding (>99% for pibrentasvir; also very high for other compounds in this class). Simeprevir is 99.9% protein bound, primarily to albumin.


    Metabolism – Hepatic metabolism; voxilaprevir is metabolized in both the intestinal wall and the liver through CYP3A4. Simeprevir and grazoprevir are metabolized by CYP3A4. Paritaprevir is metabolized by CYP3A4 and requires ritonavir boosting for adequate exposure.


    Elimination – Primarily biliary excretion with minimal renal clearance (less than 1% for glecaprevir). Less than 1% of grazoprevir and elbasvir are renally eliminated.


    Half-life – Varies depending on the drug: simeprevir: 41 hours in HCV-infected patients; grazoprevir: ~30 hours; elbasvir: 23 hours and paritaprevir: 5.5 hours.


    Drug–drug interactions


    Transporter-mediated interactions


    
      	-previr substances inhibit P-glycoprotein (P-gp), breast cancer resistance protein (BCRP), and organic anion transport polypeptides (OATPs), potentially increasing concentrations of substrate drugs, such as dabigatran, digoxin and statins.


      	P-glycoprotein inducers (rifampicin, carbamazepine, St John's wort, phenobarbital, phenytoin) can reduce plasma concentrations of -previr substances, reducing therapeutic efficacy.

    


    CYP-mediated interactions


    
      	Strong CYP3A4 inducers and inhibitors are not recommended with simeprevir and grazoprevir because of significant effects on drug metabolism.


      	Dosage adjustments may be required with moderate CYP3A4 modulators, depending on the specific -previr agent.

    


    Critical drug-specific interactions


    
      	Amiodarone: concomitant use can cause severe bradycardia and cardiac arrest; requires cardiac monitoring if combination unavoidable.


      	Immunosuppressants: ciclosporin significantly increases plasma concentrations of some NS3/4A protease inhibitors; glecaprevir/pibrentasvir + ciclosporin >100 mg/day is contraindicated.


      	HMG CoA reductase inhibitors (stem -vastatin): increased risk of myopathy due to OATP inhibition; monitor closely and consider dosage reduction.


      	Contraceptives: ethinylestradiol-containing products cause increased hepatic enzyme activity with paritaprevir-based regimens; use progestin-only alternatives.


      	OATP1B1 inhibitors: (ciclosporin, clarithromycin, gemfibrozil) are contraindicated with grazoprevir because of a risk of hepatotoxicity.


      	Antiretrovirals: efavirenz should be avoided with grazoprevir/elbasvir; careful selection required for HIV/HCV co-infected patients.

    


    Substances with INNs*


    asunaprevir (105), boceprevir (97), ciluprevir (90), danoprevir (102), deldeprevir (110), faldaprevir (106), furaprevir (111), glecaprevir (114), grazoprevir (111), narlaprevir (102), paritaprevir (111), simeprevir (105), sovaprevir (106), telaprevir (94), vaniprevir (103), vedroprevir (112), voxilaprevir (113)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      20. RNA polymerase inhibitors


      -buvir – RNA polymerase (NS5B) inhibitors

    

    
      J – Anti-infective for systemic use


      J05 – Antivirals for treatment of HCV infections


      J05A – Direct-acting antivirals


      J05AP – Antivirals for treatment of HCV infections

    


    Stem


    -buvir – RNA polymerase (NS5B) inhibitors


    Medical substances related to the class


    
      	dasabuvir


      	sofosbuvir

    


    
      RNA polymerase inhibitors – a summary


      The -buvir stem comprises two chemically distinct subclasses of RNA polymerase (NS5B) inhibitors used in the treatment of infection with hepatitis C virus (HCV): nucleoside/nucleotide analogues (NIs), such as sofosbuvir, and non-nucleoside inhibitors (NNIs), such as dasabuvir. Sofosbuvir was included in WHO’s Essential Medicines List in 2015. Like the -asvir and -previr direct antivirals, it affects all the genotypes of the virus. In contrast, dasabuvir, whose action is limited to genotype 1 and requires combination therapy, was deleted from the list in 2023.


      Sofosbuvir has high oral bioavailability (>80%), is administered once daily (400 mg), and requires combination therapy for 8–12 weeks. Key treatment considerations include contraindication in severe renal impairment (eGFR <30 mL/min/1.73 m2), risk of symptomatic bradycardia when used in combination with amiodarone, and potential hepatitis B reactivation. Its resistance barrier is exceptionally high, because it targets the conserved NS5B active site. No dosage adjustments are needed in hepatic impairment, making it suitable for patients with cirrhosis. Sofosbuvir's paediatric approval extends to ages12–17 years, and it effectively treats difficult populations, including HIV co-infection and after transplantation. Other interactions involve P-glycoprotein inducers (e.g. rifampicin) and acid-reducing agents.

    


    WHO’s list of essential medicines


    Since 2015, sofosbuvir has been included in WHO’s Essential Medicines List for the treatment of chronic hepatitis C virus (HCV) infection. In 2021, the combination of sofosbuvir + velpatasvir was recommended for treating children aged 3–12 years with chronic HCV infection.


    Dasabuvir was also added to the WHO list in 2015, but it was removed in 2023. The Expert Committee noted that pan-genotypic direct-acting antiviral (DAA) regimens are now the standard for treatment of chronic HCV infection, because they offer the advantage of simplifying the care pathway by removing the need for genotype testing and focusing procurement, thereby facilitating treatment expansion worldwide. The Committee noted that dasabuvir combined with ombitasvir + paritaprevir + ritonavir is not a pan-genotypic regimen.


    Chemistry


    -buvir substances include two distinct chemical subclasses:


    
      	Nucleoside/nucleotide analogues (NIs) such as sofosbuvir. It has a 2'-F-2'-C-methyluridine monophosphate structure, delivered as a phosphoramidate prodrug. This prodrug approach masks charged phosphate groups, enhancing cellular penetration. The 2'-methyl substitution creates steric hindrance, preventing enzymatic cleavage by cellular nucleases. Intracellular activation depends on a three-step process: (i) ester hydrolysis by cathepsin A and carboxylesterase 1; (ii) phosphoramidate cleavage by histidine triad nucleotide-binding protein 1; and (iii) phosphorylation to the active triphosphate form by cellular kinases. The final active form mimics uridine-5′-triphosphate (UTP) and is incorporated into RNA in place of uracil.


      	Non-nucleoside inhibitors (NNIs): dasabuvir represents this subclass with its benzothiadiazine core structure, which binds to the palm I site of NS5B. The bulky, rigid scaffold induces conformational changes that prevent the thumb and finger domain interactions required for polymerase function. Unlike NIs, NNI chemical structures are more diverse and not necessarily nucleoside-like.

    


    
      Fig. 1. Chemical structure of some Nis and NNIs.

      [image: ]

      Source: Collated from search: “Composition: Chemical structures” (https://pubchem.ncbi.nlm.nih.gov).

    

    Main indications


    
      	Chronic HCV infection (genotypes 1–6), including difficult-to-treat populations such as: 

      
        	Compensated and decompensated cirrhosis


        	HIV/HCV co-infection


        	Post-liver transplantation


        	Chronic kidney disease/patients on dialysis


        	Prior treatment failures (including direct-acting antivirals experienced)

      


    


    Sofosbuvir-based regimens offer first-line treatment for pan-genotypic HCV infection, achieving sustained virological response (SVR) rates >95% after 8–12 weeks of therapy.


    
      	Sofosbuvir has been evaluated for treating other flaviviruses, showing broad-spectrum antiviral activity.


      	Dasabuvir is primarily effective against genotype 1 and requires combination with other DAA classes (specifically ombitasvir/paritaprevir/ritonavir) because of a lower resistance barrier.

    


    Mechanism of action


    The NS5B is a necessary enzyme to copy HCV RNA during viral replication. It functions as an RNA-dependent RNA polymerase (RdRp) that catalyses the synthesis of complementary negative-strand RNA using the viral positive-strand RNA as a template, followed by positive-strand synthesis for viral assembly. It is therefore necessary for HCV replication. NS5B exhibits a "right-hand" conformation, with fingers, palm and thumb domains that coordinate template binding, nucleotide incorporation and translocation.


    The two types of -buvir drugs target NS5B, with some differences:


    
      	NIs, such as sofosbuvir, serve as substrate mimics that undergo intracellular phosphorylation to active triphosphates, which compete with natural nucleotides and, once incorporated, cause chain termination through steric hindrance that prevents phosphodiester bond formation. Unlike remdesivir's delayed chain termination in SARS-CoV-2, sofosbuvir causes immediate chain termination without allowing the next nucleotide to be added.


      	NNIs, like dasabuvir, bind to one of four allosteric sites (thumb I, thumb II, palm I and palm II), inducing conformational changes that disrupt essential polymerase functions.

    


    Sofosbuvir is a prodrug based on a uridine analogue. In cells, sofosbuvir is metabolized to an active form (known as GS-461203), which competes with uridine triphosphate for incorporation into HCV RNA by NS5B polymerase.


    Resistance


    Resistance to NS5B inhibitors varies significantly between the two major classes, which has important clinical implications for treatment selection and outcomes.


    
      	NIs target the highly conserved active site of NS5B polymerase, where mutations typically impair viral fitness. A few rare mutations have been described.


      	NNIs only work against certain genotypes of HCV; resistance can develop more quickly.

    


    To keep the efficacy of -buvir drugs, combinations of drugs from different types are recommended.


    Adverse reactions


    
      	Common (>10%): fatigue, headache, nausea, insomnia, alopecia, anaemia, constipation, cough, anxiety, dry mouth, memory loss, muscle complaints.


      	Uncommon (1–10%): diarrhoea, irritability, rash, arthralgia.


      	Rare (<1%): bradycardia, hyperbilirubinaemia, depression, anxiety.

    


    Post-marketing surveillance has identified rare but serious cases of lactic acidosis in patients with advanced liver disease taking the combination of sofosbuvir + velpatasvir + voxilaprevir. Symptomatic bradycardia has been reported in patients taking amiodarone concurrently with sofosbuvir-containing regimens. Hepatitis B reactivation and Stevens–Johnson syndrome have also been described.


    Common contraindications


    
      	Concomitant use with P-glycoprotein inducers (such as rifampicin, carbamazepine, phenytoin, St John's wort) owing to reduced sofosbuvir plasma concentrations.


      	Severe renal impairment: Sofosbuvir should not be used in patients with an eGFR <30 mL/min/1.73 m² or those with end-stage renal disease until more data are available on safety and appropriate dosing.


      	Concomitant use with amiodarone: (a Class III anti-arrhythmic) owing to the risk of symptomatic bradycardia, which has been associated with cardiac arrest in some cases. If the combination cannot be avoided, cardiac monitoring in an inpatient setting is advised for the first 48 hours.


      	Pregnancy: Sofosbuvir belongs to FDA Category B; it is contraindicated when used with ribavirin (pregnancy Category X).

    


    Warnings and precautions


    
      	Sofosbuvir interacts with different drugs, such as amiodarone and -prazole and -tidine drugs among others (see below).


      	Caution is advised in patients with renal impairment (see above).


      	Hepatitis B virus reactivation has been described. It occurs through an immunological mechanism: when HCV is rapidly suppressed by DAAs, including -buvir drugs, the sudden change in the immunological balance can reactivate HBV. The incidence of reactivation is low (2–5%); it is usually asymptomatic, but in some cases it can be mild, moderate or severe. It is more frequent in immunocompromised patients and those with cirrhosis or advanced fibrosis.


      	Patients with diabetes undergoing treatment with -buvir drugs can experience hypoglycaemia due to improved insulin sensitivity and hepatic glucose metabolism when sofosbuvir clears the HCV. These episodes typically occur within the first 3 months of sofosbuvir therapy. Closer monitoring of blood glucose concentrations is recommended.

    


    Use in specific populations


    Pregnancy – Sofosbuvir belongs to FDA Category B (animal studies have not shown any fetal risk, but there are no adequate and well-controlled studies in pregnant women); it is contraindicated when used with ribavirin (pregnancy Category X; studies in pregnant women have demonstrated a risk to the fetus, and/or human or animal studies have shown fetal abnormalities; risks of the drug outweigh the potential benefits).


    Breastfeeding – Recommended to avoid.


    Hepatic impairment


    
      	Sofosbuvir: No dosage adjustment is required for patients with hepatic impairment (Child–Pugh A, B or C).


      	dasabuvir is contraindicated in Child–Pugh B/C cirrhosis.

    


    Renal impairment – Sofosbuvir is not recommended in severe renal impairment (eGFR <30 mL/min/1.73 m²) or end-stage renal disease without dosage adjustment. Sofosbuvir AUC increased about 60% in patients with eGFR 50–80 mL/min/1.73 m² and 2-fold in those with eGFR 30–50 mL/min/1.73 m². No dosage adjustment is needed in patients with renal impairment taking dasabuvir.


    HIV co-infection – Sofosbuvir has similar efficacy and safety as in HCV mono-infection. However, drug interactions with antiretroviral drugs must be carefully evaluated.


    Liver transplant – Sofosbuvir-based regimens are effective and well-tolerated. However, drug interactions with calcineurin inhibitors (such as ciclosporin and tacrolimus) must be monitored.


    Paediatric use – Sofosbuvir is approved for use in adolescents aged 12–17 years or weighing at least 35 kg. Deferring treatment until age 12 years is generally recommended for younger children.


    Elderly population – Data are few on the use of DAAs in older patients. Renal function is the primary consideration in treating older people with sofosbuvir.


    Pharmacokinetics


    
      	Absorption – Sofosbuvir has high oral bioavailability (estimated to be at least 80%, based on recovery of sofosbuvir and its primary metabolite). High-fat meals increase sofosbuvir AUC by 67–91%, but owing to its high therapeutic index, this is not considered clinically significant. However, absorption of dasabuvir is increased by food; it is therefore recommended to be taken with food.


      	Distribution – Sofosbuvir's plasma protein binding is 61–65%, lower than dasabuvir's (>99%). The sofosbuvir active metabolite GS-331007 has minimal plasma protein binding, and its volume of distribution is 47–147 L.


      	Metabolism – Sofosbuvir is a prodrug. Intracellular phosphorylation transforms it to the active metabolite GS-461203 triphosphate. The primary metabolic route of sofosbuvir is hydrolysis to GS-331007, which lacks antiviral activity and cannot be rephosphorylated.
Dasabuvir follows CYP2C8 and CYP3A4-mediated oxidation.


      	Elimination following a single 400 mg dose of sofosbuvir, 80% is eliminated in the urine (only 3.5% as parent drug and 78% as GS-331007), while 12% is eliminated in the faeces.
The primary elimination route of dasabuvir is biliary/faecal (94%).


      	Half-life – Sofosbuvir: 0.5 hours (prodrug) and 27 hours (GS-331007 metabolite); dasabuvir: 5.5–6 hours.

    


    The pharmacokinetic profiles of sofosbuvir in men and women were similar. Neither race nor age (between 19 and 75 years) had a clinically significant effect on exposure to sofosbuvir or its metabolite.


    Sofosbuvir's AUC is increased 2.3-fold and 2.5-fold in patients with moderate and severe hepatic impairment, respectively, but GS-331007's AUC is unchanged.


    Drug–drug interactions


    
      	Amiodarone – Risk of severe bradycardia, heart block, and fatal cardiac arrest; concomitant use with sofosbuvir is not recommended. If unavoidable, cardiac monitoring for 48 hours followed by daily heart rate monitoring for 2 weeks is advised.


      	Proton pump inhibitors (-prazole) may reduce sofosbuvir absorption; administration with food and separation by 4 hours is recommended.


      	H2-receptor antagonists (-tidine) – A moderate reduction in absorption has been observed.


      	Antacids – Separate administration by 4 hours from sofosbuvir.


      	HIV antiretroviral drugs – tipranavir/ritonavir reduce sofosbuvir concentrations; tenofovir concentrations may increase with certain combinations.


      	Transporter-mediated interactions – Sofosbuvir is a substrate for the efflux transporters P-glycoprotein (P-gp) and the breast cancer resistance protein (BCRP), requiring caution with inhibitors or inducers of these transporters. 

      
        	P-glycoprotein inducers: rifampicin, St John's wort, and carbamazepine reduce sofosbuvir concentrations by 40–80%.

      


    


    In the case of dasabuvir, significant interactions with CYP2C8 and CYP3A4 inhibitors/inducers, requiring dosage adjustments, have been described. CYP2C8 inhibitors may increase dasabuvir blood concentrations and are contraindicated during therapy.


    Administration


    Sofosbuvir is administered orally in a dose of 400 mg (one tablet) taken once daily with or without food. It must be used as part of a combination regimen with other antiviral agents and is never used as monotherapy. The recommended treatment duration varies by HCV genotype, the presence of cirrhosis, and prior treatment experience.


    The tablet can be crushed and mixed with a small amount of non-acidic soft food, taken within 30 minutes of mixing, and followed with water. Missed doses should be taken as soon as possible, if remembered on the same day. Doses should not be doubled to make up for missed doses.


    If vomiting occurs within 2 hours of taking sofosbuvir, patients should take another tablet. If vomiting occurs more than 2 hours after taking sofosbuvir, no additional dose is needed.


    Dasabuvir is administered orally at a dose of 250 mg (one tablet) taken twice daily (morning and evening) with a meal, to enhance absorption. It is always administered as part of a combination regimen with ombitasvir/paritaprevir/ritonavir and is never used as monotherapy.


    For optimal therapeutic effect, patients should take dasabuvir at approximately the same time each day. The typical treatment duration is 12 weeks for patients with genotype 1b and 12–24 weeks for patients with genotype 1a, depending on the presence of cirrhosis and prior treatment experience.


    If a dose is missed within 6 hours of the scheduled time, the patient should take the missed dose with food as soon as possible. If more than 6 hours have passed since the usual dosing time, the patient should skip that dose and take the next dose at the regular time.


    Dosage forms


    
      	Oral tablets

    


    Substances with INNs*


    Nucleoside/nucleotide analogues (NIs)


    arbemnifosbuvir (129), adafosbuvir (117), bemnifosbuvir (125), sofosbuvir (108), uprifosbuvir (115)


    Non-nucleoside inhibitors (NNIs):


    beclabuvir (111), dasabuvir (109), deleobuvir (108), filibuvir (101), lomibuvir (107), nesbuvir (98), radalbuvir (112), setrobuvir (106), tegobuvir (103)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the numbers in parentheses indicate the number of the List of proposed INNs on which the compound is listed.
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      21. Haloperidol derivatives


      -peridol – antipsychotics (formerly also known as neuroleptics), haloperidol derivatives

    

    
      N – Nervous system


      N05 – Psycholeptics


      N05A – Antipsychotics


      N05AD – Butyrophenone derivatives

    


    Stem


    -peridol – antipsychotics (formerly also known as neuroleptics), haloperidol derivatives


    Medical substances related to the class


    
      	benperidol


      	bromperidol


      	droperidol


      	haloperidol


      	trifluperidol

    


    
      Haloperidol derivatives – a summary


      Haloperidol is one of the oldest antipsychotics (usually referred as “typical”). Haloperidol has a butyrophenone structure, and different derivatives have been developed and marketed. They share the stem -peridol.


      The main mode of action of the -peridol substances is antagonism at D2 dopamine receptors and α1 adrenoceptors. The main difference from phenothiazine derivatives, such as chlorpromazine, is that butyrophenones have minimal antimuscarinic action. Owing to the mode of action, -peridol substances can produce extrapyramidal symptoms and hyperprolactinaemia; additionally, they can cause QTc interval prolongation and, in susceptible patients, torsade de pointes.


      Haloperidol is the most commonly used -peridol; it is indicated for the management of schizophrenia and schizoaffective disorders, acute delirium, certain movement disorders (Tourette syndrome and chorea in Huntington disease), and in palliative care.


      A depot formulation (haloperidol decanoate) allows the use of one dose every four weeks in chronic treatment, improving adherence to therapy.

    


    WHO’s list of essential medicines


    Haloperidol and haloperidol decanoate are listed in WHO’s Essential Medicines List for the treatment of schizophrenia or other primary psychotic disorders; it is also listed for palliative care.


    Chemistry


    The substances listed in the -peridol stem share the butyrophenone structure, a ketone flanked by a phenyl ring and a butyl chain. Different substances have different substituents in the basic butyrophenone structure; many of them are antipsychotics and some act as anti-emetics. It should be noted that, in addition to -peridol, some -perone and -peridone substances are also butyrophenones (such as azaperone [18], domperidone [36], melperone [34], tenperone).


    
      Fig. 1. Chemical structures of butyrophenone and some -peridol substances. Note: The chemical structure of chlorpromazine, another classical/typical antipsychotic, is included to show the difference with the butyrophenone structure.

      [image: ]

      Source: Collated from search: “Composition: Chemical structures” (https://pubchem.ncbi.nlm.nih.gov/compound/Butyrophenone).

    

    Main indications


    
      	Schizophrenia and schizoaffective disorders


      	Acute delirium


      	Moderate-to-severe manic episodes associated with bipolar disorder. Acute psychomotor agitation associated with psychotic disorder or manic episodes of bipolar affective disorder.


      	Persistent aggression and psychotic symptoms in moderate to severe Alzheimer disease or vascular dementia.


      	Mild-to-moderate chorea in Huntington disease


      	Severe tic disorders, including Tourette syndrome


      	Prophylaxis of postoperative nausea and vomiting when alternatives are ineffective or poorly tolerated (haloperidol, droperidol). Combination treatment of postoperative nausea and vomiting when alternatives are ineffective or poorly tolerated (haloperidol, droperidol).


      	Control of deviant antisocial sexual behaviour (benperidol)

    


    Off-label uses


    
      	Management of intractable hiccups

    


    Mechanism of action


    Drugs that come under the stem -peridol are typical antipsychotic. They suppress the dopaminergic system by antagonizing dopamine (DA) receptors and α1 adrenoceptors. Specifically, these substances have high affinity for the D2 receptor, medium affinity for the receptors D3 and 5-HT2A (especially droperidol), and high affinity for the α1 receptor. Notably, -peridol substances have less anticholinergic activity than other antipsychotics; their sedative effect is very low compared with other antipsychotics.


    Adverse reactions


    Common adverse effects of the -peridol antipsychotics, sometimes associated with severe adverse reactions, include:


    
      	Extrapyramidal symptoms (parkinsonism, dystonia, akathisia, tardive dyskinesia) – These symptoms depend on individual susceptibility, so they cannot be predicted accurately. If symptoms appear, treatment should be reviewed. Antimuscarinic drugs can relieve some symptoms, but they should not be prescribed routinely for prophylaxis.


      	Hyperprolactinaemia – Increased blood concentrations of prolactin can interfere with the functioning of reproductive, endocrine and metabolic systems and have short- and long-term consequences that can seriously affect quality of life: menstrual disturbances, galactorrhoea, gynaecomastia, infertility, reduce bone mineral density, and breast cancer.


      	Sexual dysfunction – Hyperprolactinaemia and reduced dopamine transmission reduce libido, and α1 receptor antagonism is associated with problems with penile erection and ejaculation.


      	Cardiovascular effects – Tachycardia, arrhythmias and hypotension are common adverse reactions to the -peridol drugs. It is important to advise about the possibility of orthostatic hypotension, because it may result in syncope, falls and injuries.
Prolongation of the QT interval corrected for heart rate (QTc) has been described in patients receiving droperidol or high doses of haloperidol; QTc interval prolongation increases the risk of torsade de pointes, which often is a precursor of fatal cardiac arrest.
A black box warning for domperidol was issued by the US FDA, based on several case reports of cardiac arrest allegedly caused by low-dose droperidol administration during the perioperative period.


      	Hyperglycaemia, diabetes and weight gain – Although these adverse reactions are quite common for different antipsychotics, haloperidol has a lower risk of producing weight alterations than atypical antipsychotics.


      	Neuroleptic malignant syndrome – Although it is rare, this is a potentially fatal adverse reaction, which presents with hyperthermia, fluctuating levels of consciousness, muscle rigidity, and autonomic dysfunction (fever, tachycardia, sweating and labile blood pressure).


      	Haloperidol inhibits vasopressin secretion, and it has been associated with drug-induced syndrome of inappropriate antidiuretic hormone ADH release (SIADH).

    


    Common contraindications


    
      	CNS depression and comatose states


      	A history of cardiac rhythm alterations, including QTc-interval prolongation and myocardial infarction


      	Parkinson disease


      	Dementia with Lewy bodies


      	Phaeochromocytoma (benperidol)

    


    Warnings and precautions


    The -peridol antipsychotics must be used with caution in patients at risk of stroke and in those with bradycardia or hypotension.


    Caution is recommended when there is a history of heavy alcohol exposure or a family history of QTc-interval prolongation or hyperthyroidism.


    Use in specific populations


    Pregnancy – Although a moderate amount of data indicates there is no evidence of fetal toxicity, there are isolated case reports of birth defects following fetal exposure. Manufacturers advise that it is preferable to avoid these substances during pregnancy.


    Nursing mothers – Following maternal use in the third trimester, neonates should be monitored for symptoms such as agitation, hypertonia, tremors, feeding problems, and respiratory distress.


    There is limited information on the short- and long-term effects of antipsychotic drugs on the breastfed infant.


    Hepatic impairment – Manufacturers advise caution. The initial dose must be halved, and then subsequent doses should be adjusted using smaller increments and at longer intervals.


    Renal impairment – Manufacturers advise use with caution. In severe impairment, the initial dose should be lower, and then, if necessary, it should be adjusted using smaller increments and at longer intervals.


    Elderly patients – These patients are at an increased risk of adverse neurological and cardiac effects. Patients should be monitored for any extrapyramidal symptoms (acute dystonia, parkinsonism, hypersalivation and dysphagia). It is recommended to use the lowest possible dosage for the shortest possible time.


    Pharmacokinetics


    Absorption – The -peridol antipsychotics are well absorbed when they are administered orally or parentally. Haloperidol is highly lipophilic, and it undergoes extensive metabolism, leading to substantial interindividual variability in its pharmacokinetics. The bioavailability of the oral formulation is 40–70% of the administered dose. The peak plasma concentration is reached at 2–6 hours after oral administration, 20 minutes after intramuscular administration, and 6 days after depot intramuscular administration.


    Distribution – Approximately 90% of haloperidol binds to plasma proteins.


    Metabolism – -peridol substances are metabolized in the liver via sulfoxidation and oxidation pathways, with the involvement of CYP3A4- and CYP2D6 enzymes.


    Elimination – Urinary excretion is only 1%, and the plasma half-life is 12–36 hours.


    Haloperidol decanoate has a tmax of 3–9 days and an apparent half-life of 21 days.


    Bromperidol decanoate is formulated to release the decanoate ester from the oily depot slowly; its elimination half-life is about 28 days. This preparation seems less potent than haloperidol decanoate, although results were obtained from good-quality studies with very few data.


    Drug–drug interactions


    
      	Haloperidol is a substrate of CYP3A4 and CYP2D6, so concomitant administration with inhibitors of these enzymes (e.g. imidazole antifungals sharing the stem -conazole and verapamil) increases haloperidol concentrations and may require dosage reductions.


      	Concomitant administration with CYP3A4 inducers (such as rifampicin and carbamazepine) may require increasing haloperidol decanoate dosage.


      	Haloperidol is contraindicated in combination with any drug that is associated with QTc interval prolongation.

    


    Administration


    The route of administration, dosage, and duration of treatment depend on the indication. The following are examples for haloperidol.


    
      	Postoperative nausea and vomiting – 1–2 mg by intramuscular injection (adults); 500 micrograms (elderly).


      	Schizophrenia – In adults, 2–10 mg daily divided in two doses (oral administration). The usual dose for the first episode is 2–4 mg daily, and up to 10 mg daily in multiple-episode schizophrenia. In elderly patients, it is recommended to start with half the lowest adult dose, and then adjust it gradually.


      	Acute delirium – 1–10 mg daily by mouth or intramuscular injection in adults. In elderly people, use half the initial adult dose.


      	Maintenance treatment in schizophrenia and schizoaffective disorders – In patients currently stabilized on oral haloperidol, it is possible to switch to deep intramuscular injection of haloperidol decanoate. The initial dose is 25–150 mg every 4 weeks in adults. In elderly patients, start with 12.5–25 mg every 4 weeks, increasing if necessary to 25–75 mg every 4 weeks.

    


    Monitoring


    
      	A baseline ECG is recommended before treatment begins. Additional ECGs or serial ECG monitoring is recommended, depending on the individual characteristics. In the case of repeated intramuscular doses, consider regular ECG monitoring.


      	Check blood electrolytes before starting treatment and periodically during treatment.

    


    Overdose


    The main features of severe overdose of haloperidol are extrapyramidal reactions, hypotension, respiratory difficulty, and impaired consciousness. Other adverse neuromuscular reactions have been reported less often, but they are often more severe and include feelings of motor restlessness (akathisia), tardive dystonia, and dystonic reactions, such as hyperreflexia, opisthotonus, oculogyric crisis, torticollis, and trismus. Tremor or muscle twitching, muscle spasm, rigidity and convulsions may also be seen.


    Several cases have been described in children because haloperidol can also be administered orally for ambulatory use.


    Dosage forms


    
      	Oral tablet and solution (haloperidol); oral suspension (benperidol)


      	Solution for injection (haloperidol, droperidol)


      	Depot injections (bromperidol decanoate, haloperidol decanoate)

    


    There is consensus about the equivalent doses of oral haloperidol and parenteral haloperidol decanoate: 2 mg per day of oral haloperidol is approximately equivalent to 15 mg per week of haloperidol decanoate depot injection.


    Important patient information


    
      	When prescribing, dispensing or administering haloperidol intramuscularly, the formulation must be checked, as haloperidol decanoate should not be used for rapid control of an acute episode.

    


    Substances with INNs*


    benperidol (14), bromperidol (33), clofluperol (18), droperidol (14), fluanisone (13), haloperidol (10), trifluperidol (16)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      22. Diazepam derivatives


      -azepam – diazepam derivatives (-azam and -azolam)

    

    
      N – Nervous system


      N05 – Psycholeptics


      N05B – Anxiolytics


      N05BA – Benzodiazepine derivatives

    


    Stem


    -azepam – diazepam derivatives


    (it includes -azam and -azolam)


    Medical substances related to the class


    
      	bromazepam 


      	clonazepam


      	diazepam 


      	flunitrazepam 


      	flurazepam 


      	lorazepam 


      	nitrazepam 


      	oxazepam


      	prazepam 


      	quazepam 


      	temazepam

    


    
      	alprazolam


      	estazolam 


      	midazolam 


      	triazolam


      	clobazam

    


    
      	chlordiazepoxide*


      	dipotassium clorazepate**

    


    * chlordiazepoxide was the first benzodiazepine marketed and received its name before the -azepam stem was created.


    ** dipotassium clorazepate is a prodrug, which is rapidly metabolized to nordiazepam and its name reflects its chemical structure.


    
      Diazepam derivatives – a summary


      The -azepam stem includes diazepam derivatives, and the members of the group are commonly called benzodiazepines. Their common mode of action consists of agonism at GABAA receptors, a protein comprising five transmembrane subunits, which collectively shape a central chloride channel. Agonism at GABAA receptor promotes the inhibitory effects of the gamma-aminobutyric acid (GABA) neurotransmitter, which may explain their sedative and hypnotic effects.


      Many substances share the two-ring structure of benzodiazepines, only differing in the type and position of the radicals. Although -azepam substances have qualitatively similar clinical effects, quantitative differences in their pharmacokinetic properties have led to varying patterns of therapeutic applications (e.g. selecting a drug as a hypnotic or sedative depending on its elimination half-life).


      Benzodiazepines are also used for managing status epilepticus, muscle spasms, and acute alcohol withdrawal, and as adjuvants in anaesthesia.


      The sedative effects of benzodiazepines explain many of the adverse reactions they can cause, such as drowsiness, dysarthria or respiratory depression. These effects are more marked in elderly patients. Sometimes benzodiazepines produce paradoxical effects (e.g. hostility, aggression or increased anxiety).


      Benzodiazepines produce tolerance and dependence. Treatment must be as short as possible, preferably no more than a week or two.


      Special caution is required in drivers and people conducting skilled activities, including operation of machinery, because benzodiazepines can affect performance.

    


    WHO’s list of essential medicines


    Diazepam is included in WHO’s Essential Medicines List for treatment of anxiety and status epilepticus; it is also listed to be used in palliative care. Lorazepam is listed as a therapeutic equivalent for diazepam in the treatment of anxiety. Midazolam is a therapeutic equivalent of lorazepam in the treatment of status epilepticus; it is recommended for palliative care and as a sedative, hypnotic and anxiolytic medicine.


    Chemistry


    The substances listed under the -azepam stem have a chemical structure based on a core formed by fusing benzene and diazepine rings. It is a seven-membered aromatic heterocycle containing two-ring nitrogen atoms. Fig. 1 shows the basic structure and the radicals that constitute a selection of substances.


    
      Fig. 1. The basic structure of the benzodiazepines and examples of commonly used -azepam (A) and -azolam substances (B).

      [image: ]

      Adapted from: Brunton LL, Knollmann BC, editors. Goodman & Gilman's: The Pharmacological Basis of Therapeutics, 14th ed. New York, NY: McGraw-Hill; 2023 (https://accessmedicine.mhmedical.com/book.aspx?bookid=3191, accessed 30 September 2025).

    

    Main indications


    
      	Anxiety


      	Severe acute anxiety


      	Control of acute panic attacks


      	Acute alcohol withdrawal


      	Muscle spam (acute, in tetanus, cerebral spasticity or postoperatively)


      	Pain of muscle spasm in palliative care


      	Dyspnoea associated with anxiety in palliative care


      	Acute drug-induced dystonic reactions


      	Insomnia


      	Premedication before certain procedures


      	Sedation in dental procedures, gastrointestinal endoscopy or when conscious sedation is required


      	Status epilepticus


      	Febrile convulsions

    


    Mechanism of action


    Drugs listed under the stem -azepam are agonists at GABAA receptors, which are associated with a ligand-gated chloride ion channel. Benzodiazepines promote the inhibitory action of the neurotransmitter gamma-aminobutyric acid (GABA) by enhancing the GABA-induced ionic currents through these channels.


    This produces sedation, hypnosis, reduced anxiety, muscle relaxation, anterograde amnesia and anticonvulsant activity. Two peripheral actions outside the central nervous system (CNS) are coronary vasodilatation (after intravenous administration) and neuromuscular blockade (with very high doses).


    Although -azepam substances exert qualitatively similar clinical effects, quantitative differences in their pharmacokinetic properties have led to varying patterns of therapeutic applications. Clonazepam, nitrazepam and nordiazepam have more selective anticonvulsant activity than most other benzodiazepines.


    Benzodiazepines have hypnotic and sedative effects. Electroencephalography shows that brain alpha activity is reduced, but there is an increase in low-voltage fast activity. Most diazepam derivatives reduce sleep latency, especially when first used, and diminish the number of awakenings and the time spent in stage 0 (a stage of wakefulness). Time in stage 1 (descending drowsiness) usually decreases, and there is a prominent reduction in the time spent in slow-wave sleep (stages 3 and 4). Most benzodiazepines increase the time from the onset of spindle sleep to the first burst of rapid eye movement (REM) sleep. Administration typically increases total sleep time, largely because of increased time spent in stage 2 (the major fraction of non-REM sleep).


    Adverse reactions


    Common or very common adverse reactions (1 in 100 to 1 in 10) include reduced alertness, depression, dizziness, drowsiness, dysarthria, fatigue, headache, hypotension or respiratory depression. In elderly people, ataxia and confusion are more common.


    Anterograde amnesia, abnormal behaviour, hallucinations and libido disorders are uncommon adverse reactions (1 in 1000 to 1 in 100) associated with intermediate and long half-life benzodiazepines but are common with short half-life benzodiazepines.


    Rare or very rare adverse reactions (1 in 10 000 or less) include blood disorders, delusions, jaundice and urinary retention.


    Paradoxical effects have been described with benzodiazepines, specifically an increase in hostility and aggression. These paradoxical effects seem more frequent in children and elderly patients and range from talkativeness and excitement to aggressiveness. They can be attenuated by adjusting the dose (up or down).


    Behaviour disinhibition – Benzodiazepines with a short half-life, in addition to anterograde amnesia, can induce disinhibition of behaviour, particularly sexual behaviour. These adverse effects are sought for criminal purposes (chemical submission) and constitute a major public health problem.


    Common contraindications


    
      	Acute pulmonary insufficiency


      	Marked neuromuscular respiratory weakness


      	Sleep apnoea syndrome


      	Not for use alone to treat depressive patients


      	Obsessional or phobic states

    


    Warnings and precautions


    
      	Avoid prolonged use and abrupt withdrawal thereafter.


      	Next-day residual effects (hangover) can affect driving performance.


      	The dose must be reduced in debilitated adults and elderly people.


      	Use with caution in patients with a history of alcohol or drug dependence or abuse.


      	In case of suspicion of chemical submission, a urine sample must be taken immediately to look for benzodiazepines. As the benzodiazepines used for this purpose have a short half-life, waiting too long will make it difficult to find any evidence.


      	Use with caution in patients with myasthenia gravis, especially in unstable cases.


      	The co-prescription of benzodiazepines with opioids can produce additive CNS depressant effects, thereby increasing the risk of respiratory depression, sedation, coma and death.


      	Clobazam, used as an adjunct treatment in epilepsy, has been confused with clonazepam; these are examples of look-alike sound-alike (LASA) drugs; mistakes can cause unintended overdose.

    


    Use in specific populations


    Pregnancy – Use only if there is a clear indication (e.g. seizure control). There is a risk of neonatal withdrawal symptoms. Additionally, using high doses of benzodiazepines during the late pregnancy or labour may cause neonatal hypotonia, respiratory depression, or neonatal hypothermia.


    Nursing mothers – These drugs cross the placenta and are secreted into breast milk. All infants should be monitored for sedation, feeding difficulties, adequate weight gain and development milestones.


    Hepatic impairment – Benzodiazepines should be avoided in severe hepatic impairment. In mild-to-moderate hepatic impairment, dose adjustments are necessary. Benzodiazepines with a shorter half-life can be safer in these patients.


    Renal impairment – There is a risk of increased cerebral sensitivity to benzodiazepines, so it is recommended to reduce the dose.


    Elderly patients – Benzodiazepines are considered potentially inappropriate prescriptions in this population, especially for long treatments, in patients with acute or chronic respiratory failure and patients prone to falls.


    Patients at risk of drug addiction – The effects obtained after taking benzodiazepines are similar to those sought after by taking alcohol or cannabis. Overly severe restriction policies in the prescription of benzodiazepines have led to an increase in alcohol and cannabis consumption in the population. On an individual level, a balance is sometimes difficult to find.


    Pharmacokinetics


    Variations in the pharmacokinetic properties of individual -azepam substances appear to be much more important determinants of their effects on sleep than are any potential differences in their pharmacodynamic properties.


    
      	Absorption – All -azepam substances are absorbed completely, with the exception of clorazepate; this drug is decarboxylated rapidly in gastric juice to N-desmethyldiazepam (nordazepam), which is subsequently absorbed completely. Some drugs (such as prazepam and flurazepam) reach the systemic circulation only in the form of their active metabolites. Table 1 lists the clinically relevant active metabolites and plasma half-life of several -azepine substances.


      	Distribution – All have high lipid–water distribution coefficients in the nonionized form; nevertheless, lipophilicity varies more than 50-fold according to the polarity and electronegativity of various substituents. There is rapid uptake of benzodiazepines into the brain after intravenous administration (or oral administration of a rapidly absorbed compound), followed by redistribution into tissues that are less well perfused (e.g. muscle and fat). Redistribution is most rapid for drugs with the highest lipid solubility.


      	Metabolism – The -azepam substances are metabolized extensively by cytochrome P450 enzymes, particularly CYP3A4 and CYP2C19. Some benzodiazepines (e.g. oxazepam) are not metabolized but glucuronidated.


      	Elimination – Drugs active at the receptor can be divided into four categories based on their elimination half-lives: (i) ultrashort-acting (t1/2 ≈ 2 hours): remimazolam; (ii) short-acting (t1/2 <6 hours): triazolam; (iii) intermediate-acting (t1/2 = 6–24 hours): estazolam and temazepam; and (iv) long-acting (t1/2 >24 hours): flurazepam, diazepam and quazepam.
Because active metabolites of some benzodiazepines are biotransformed more slowly than their parent compounds, the duration of action of many benzodiazepines bears little relationship to the t1/2 of elimination of the drug that has been administered (e.g. the t1/2 of flurazepam in plasma is ~2 hours, but that of a major active metabolite N-desalkylflurazepam is ~50 hours).

    


    Table 1. Half-life of different -azepam substances with active metabolites.


    
      
        
          	
            Parent compound (half-life, h)

          

          	
            Clinically important active metabolites (half-life, h)

          
        

      

      
        
          	
            Long

          

          	
        


        
          	
            chlordiazepoxide (5–30)

          

          	
            desmethylchlordiazepoxide (18); demoxepam (14–95); N-desmethyldiazepam (40–120)

          
        


        
          	
            clorazepate (30–100)

          

          	
            N-desmethyldiazepam (40–120); oxazepam (5–15)

          
        


        
          	
            diazepam (20–80)

          

          	
            N-desmethyldiazepam (40–120); temazepam (8–15); oxazepam (5–15)

          
        


        
          	
            flurazepam (2.3)

          

          	
            N-desalkylflurazepam (47–100); N-1-hydroxyethylflurazepam (2–4)

          
        


        
          	
            Intermediate

          
        


        
          	
            prazepam

          

          	
            N-desmethyldiazepam (36–200)

          
        

      

      
        
          	
            Source: Modified and updated from Greenblatt DJ (1981), Griffin CE (2013).

          
        

      
    


    Drug–drug interactions


    
      	Erythromycin, clarithromycin, ritonavir, itraconazole, ketoconazole, nefazodone and grapefruit juice are inhibitors of CYP3A4 and can affect the metabolism of benzodiazepines.


      	Infusion of phenobarbital with diazepam carries the risk of sedation and respiratory depression, which may be increased if it is used in patients already using benzodiazepines.


      	The anti-arrhythmic dronedarone can increase exposure to alprazolam and midazolam.


      	Benzodiazepines affect phenytoin plasma concentrations; it is important to monitor phenytoin concentrations and adjust the dose.


      	-azole antifungals are predicted to increase exposure to benzodiazepines.


      	'HIV protease inhibitors can markedly increase exposure to benzodiazepines, and this can be especially marked for alprazolam, midazolam and triazolam.

    


    Administration


    Benzodiazepines are among the most difficult psychotropic drugs to handle. For each patient, it is necessary to constantly find a balance between beneficial effects, undesirable effects, and the risk of resorting to more harmful substances (alcohol, cannabis, etc.).


    The doses and duration of use of benzodiazepines depend on the indication and the substance. Additionally, it is important to remember that not all -azepam substances are licensed for all possible uses. The following are doses of diazepam in selected indications; the last is specific for midazolam used in sedation.


    
      	Insomnia associated with anxiety: 5–15 mg daily at bedtime.


      	Anxiety: 2 mg 3-times daily, then increased to 15–30 mg daily in divided doses if necessary (adults); 1 mg 3-times daily, then increased to 7.5–15 mg daily in divided doses (elderly).


      	Acute alcohol withdrawal: intramuscular injection or slow intravenous injection of 10 mg, then 10 mg after at least 4 hours if required (adults). Intravenous injection must be administered into a large vein at a rate of no more than 5 mg/minute.


      	Muscle spasm: 2–15 mg daily in divided doses (oral), then increased if necessary to 60 mg daily.


      	Acute muscle spasm: 10 mg (intramuscular injection), then 10 mg after 4 hours if required.


      	Status epilepticus/ fever convulsions: 

      
        	Neonate 300–400 micrograms/kg, then 300–400 micrograms/kg after 10 minutes if required, to be given over 3–5 minutes (intravenous injection) or 1.25–2.5 mg, then 1.25–2.5 mg after 5–10 minutes if required (rectal administration).


        	Child 1 month – 11 years: intravenous injection: 300–400 micrograms/kg (max. per dose 10 mg), then repeat after 10 minutes if required, to be given over 3–5 minutes.


        	Child 1 month – 1 year: rectal administration; 5 mg, then 5–10 mg after 5–10 mg if required.


        	Child 2–11 years: rectal administration: 5–10 mg, then repeat the dose after 5–10 minutes if required.


        	Child 12–17 years: 10 mg, then repeat after 10 minutes if required, to be given over 3–5 minutes (intravenous injection); 10–20 mg, then repeat after 5–10 minutes if required (by rectum).


        	Adult: 10 mg, then repeat after 10 minutes if required, administered at a rate of 1 mL (5 mg) per minute (by intravenous injection); 10–20 mg, then repeat after 5–10 minutes if required (by rectum).


        	Elderly: 10 mg, then repeat after 5–10 minutes if required (by rectum).

      



      	Midazolam: sedative doses of midazolam (0.01–0.07 mg/kg intravenously) reach peak effect in about 2 minutes and provide sedation for about 30 minutes.

    


    Monitoring


    Plasma drug concentrations may be measured in children with worsening seizures, status epilepticus, or suspected toxicity.


    Monitoring is also necessary in case of suspicion of chemical submission.


    Overdose


    Benzodiazepines taken alone cause drowsiness, ataxia, dysarthria, nystagmus, and occasionally respiratory depression and coma.


    Activated charcoal can be given within 1 hour of benzodiazepines ingestion if the patient is awake and the airway is protected in case of aspiration. Flumazenil is a benzodiazepine antagonist and may prevent the need for ventilation, particularly in patients with respiratory disorders. However, it is important to remember that its use can be hazardous in mixed overdoses involving tricyclic antidepressants.


    Benzodiazepines potentiate the effects of CNS depressants taken concomitantly.


    Dosage forms


    
      	Most benzodiazepines are available as oral tablets.


      	Diazepam is also available as an oral solution or suspension, a solution for parenteral use, and as an enema.


      	Clobazam and clonazepam are also available as oral solutions.


      	Midazolam is available only for injection and infusion; there is also an oro-mucosal solution.

    


    Tolerance and dependence


    It is recommended that benzodiazepines should be withdrawn gradually as soon as symptoms improve, in order to avoid tolerance. Tolerance occurs to the muscle relaxant and ataxic effects of these medicines. It also occurs to the reduction in brain alpha activity and the increase in low-voltage fast activity.


    Although most patients who ingest benzodiazepines chronically report that drowsiness wanes over a few days, tolerance to the impairment of some measures of psychomotor performance (e.g. visual tracking) is usually not observed. During chronic nocturnal use of benzodiazepines, the effects on the various stages of sleep usually decline after a few nights. With discontinuation of the drug, the pattern of drug-induced changes in sleep parameters may “rebound”, with increases in the amount and depth of REM sleep.


    Important patient information


    As the -azepam derivatives can cause drowsiness, impair judgement, or increase the reaction time, this can affect the ability to drive or to perform skilled tasks. Additionally, the hangover effects from the benzodiazepine can also interfere with performance on the following day.


    Substances with INNs*


    bromazepam (22), brotizolam (40), camazepam (30), carburazepam (39), chlordiazepoxide (11), ciclotizolam (40), cinolazepam (46), clonazepam (22), cyprazepam (16), delorazepam (40), demoxepam (23), diazepam (12), dipotassium clorazepate (17), doxefazepam (43), elfazepam (36), ethyl carfluzepate (43), ethyl dirazepate (44), ethyl loflazepate (43), etizolam (40), fletazepam (31), fludiazepam (36), flunitrazepam (24), flurazepam (20), flutemazepam (58), flutoprazepam (45), fosazepam (27), halazepam (29), iclazepam (37), lorazepam (23), lormetazepam (38), meclonazepam (44), medazepam (20), menitrazepam (22), metaclazepam (46), motrazepam (31), nimetazepam (26), nitrazepam (16), nordazepam (39), nortetrazepam (20), oxazepam (13), pinazepam (32), pivoxazepam (34), potassium nitrazepate (17), prazepam (14), proflazepam (31), quazepam (36), reclazepam (53), sulazepam (14), temazepam (22), tetrazepam (17), tolufazepam (51), tuclazepam (40), uldazepam (30)


    Not true benzodiazepines: bentazepam (33), clotiazepam (30), lopirazepam (36), premazepam (45), ripazepam (33), zolazepam (28)


    Related compounds: adinazolam (45), alprazolam (30), arfendazam (39), clazolam (29), climazolam (51), clobazam (25), clobenzepam (25), cloxazolam (29), ecopipam (80), estazolam (3l), flutazolam (32), haloxazolam (38), ketazolam (26), levotofisopam (92), lofendazam (36), loprazolam (44), mexazolam (40), midazolam (40), nefopam (25), oxazolam (25), razobazam (52), remimazolam (102), tofisopam (26), trepipam (38), triazolam (30), triflubazam (28), zapizolam (43), zomebazam (49)


    Unrelated compounds with similar indications: anxiolytic: fenobam (36), muscle relaxant: xilobam (36)


    * In blue, substances included in the WHO Model List of Essential Medicines (2023); the number in parentheses indicates the number of the List of proposed INNs.
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      23. CFTR protein modulators, correctors and amplifiers


      -caftor, CFTR protein modulators, correctors and amplifiers

    

    
      R – Respiratory system


      R07 – Other respiratory system products


      R07A – Other respiratory system products


      R07AX – Other respiratory system products

    


    Stem


    -caftor, CFTR protein modulators, correctors and amplifiers


    Medical substances related to the class


    
      	vacaftor 


      	lumacaftor


      	tezacaftor


      	elexacaftor

    


    
      CFTR protein modulators, correctors and amplifiers – a summary


      CFTR modulators represent a novel class of medicines that target the underlying cause of cystic fibrosis by modifying the function of the defective CFTR protein. There are three main types: potentiators (ivacaftor), correctors (lumacaftor, tezacaftor, elexacaftor), and amplifiers (still in development).


      These agents work through distinct mechanisms: potentiators enhance channel opening of existing CFTR proteins, correctors improve protein folding and trafficking to the cell surface, and amplifiers increase CFTR protein quantity. Correctors are always administered in combination with ivacaftor for optimal effect.


      These medicines are effective only when there are specific genetic mutations in the CFTR gene, and they have significant pharmacokinetic interactions through CYP3A. Most require administration with fatty foods for optimal absorption. Important monitoring includes liver function (transaminases), and in children, eye examinations because of the risk of cataracts. As cystic fibrosis is a life-threatening condition, it is advisable not to quit treatment before consulting the prescriber.

    


    WHO’s list of essential medicines


    None of the substances acting on the cystic fibrosis transmembrane conductance regulator (CFTR) is included in the 23rd WHO Model List of Essential Medicines (published in 2023) or in the 9th Model List of Essential Medicines for Children (published in 2023)


    Main indications


    
      	Treatment of cystic fibrosis, in patients who have specific mutations in the CFTR gene, which are responsive to the treatment.

    


    Off-label uses


    
      	Depending on the regulatory authority, marketing authorizations vary regarding the age limit for prescription and the specific genetic mutations for which the treatment is indicated. Off- label uses are therefore to be expected.

    


    Mechanism of action


    Cystic fibrosis (CF) is an autosomal recessive disease affecting multiple organs, including the respiratory, digestive and reproductive systems. It is caused by mutations in the CFTR gene. The CFTR protein presents on the surface of epithelial cells in multiple organs, acting as an anion channel and regulating the volume and composition of exocrine secretions. In numerous epithelia, chloride and bicarbonate (regulated by the CFTR) release is followed by a passive flow of water. In the lungs, where the mucociliary transport requires a sufficient fluid layer, a defect in the CFTR activity results in hyperviscous pulmonary secretions, which are difficult to clear. The secretions obstruct the small and medium airways, which become colonized by different microbes and eventually lead to a respiratory decline. CF also have extrapulmonary manifestations, such as the destruction of the exocrine pancreas, cirrhosis, distal intestinal obstruction, infertility in men and more. Insufficiency of the exocrine pancreas leads to chronic malabsorption, deficiency in fat-soluble vitamins, poor growth, bone disease and other complications. CF-related diabetic mellitus is another manifestation prevalent in many patients.


    Hundreds of mutations in the chloride transporter, encoded by CFTR, may cause CF through diverse mechanisms. These defects are divided into major classes: the CFTR protein is not synthesized; a misfolding of the protein is causing an arrest in its maturation and ultimately its premature degradation. The most prevalent mutation, F508del, belongs to this class: disordered regulation of the channel gating; hence, channels are not sufficiently found in their open state; defective conductance through the ion channel; reduced number of transcripts; and accelerated turnover from the cell surface. Some of the mutations lead to reduced activity of the CFTR protein in more than one mechanism.


    Substances in the -caftor pharmacological group act on the CFTR in more than one mechanism. The first marketed substance belonging to this class, ivacaftor, is a potentiator, which means it potentiates the CFTR channel opening and therefore stimulates the transport of ions. It is used in patients with several mutations that lead to an insufficient gating as G551D, G178R, S549N, S549R, G551S and others.


    Elexacaftor, lumacaftor and tezacaftor are referred to as correctors; they improve the conformational stability of the mutated CFTR, which results in increased processing and trafficking of the protein to the cell surface. The correctors are always taken together with ivacaftor, to increase the channel’s open position probability. Elexacaftor is approved by the US FDA as a part of a triple treatment, along with tezacaftor and ivacaftor. Since ivacaftor potentiates only a CFTR protein that is already present on the cell surface, it is not effective for F508del patients when given alone. When added to the treatment with correctors, it leads to further improvement in CFTR function.


    It is important to add that as all the approved -caftors address specific defects in the CFTR gene and their resulting proteins, they should be prescribed only for patients who have mutations that respond to the treatment.


    Other substances under clinical development, which act on the CFTR, include amplifiers – substances designed to increase the quantity of CFTR copies on the cell surface. This can be achieved by stabilization of the CFTR mRNA, an approach that could be used in a robust manner, regardless of the specific mutation.


    Adverse reactions


    The most common adverse drug reactions were headache, oropharyngeal pain, upper respiratory tract infection, nasal congestion, abdominal pain, nasopharyngitis, diarrhoea, rash, nausea, headache and dizziness.


    Elevated transaminases (ALT or AST) – These have been demonstrated under the use. Patients with increased transaminase levels should be closely monitored, until the abnormalities resolve. The treatment should be discontinued if the transaminases levels are more than 5-times the upper limit of normal (ULN) or when the transaminases levels are more than 3-times the ULN and the blood bilirubin is more than twice the ULN.


    Cataracts – Non-congenital lens opacities or cataracts have been reported in paediatric patients using ivacaftor and its combinations.


    Respiratory events – Chest discomfort, dyspnoea, and respiration abnormal were more common during initiation of the combined lumacaftor + ivacaftor therapy. This was especially common in patients with advanced lung disease. Therefore, additional monitoring of patients with forced expiratory volume below 40% is recommended when the treatment is initiated.


    Common contraindications


    Hypersensitivity to the active substance or to any of the excipients.


    Warnings and precautions


    Elevated transaminases (ALT or AST) – The treatment may lead to elevation in the levels of transaminases. Liver functions should be assessed before initiating the treatment, every 3 months during the first year of treatment, and annually thereafter. A more frequent monitoring is advisable in patients with a history of transaminase elevations. Patients who develop increased levels should be closely monitored, until the abnormalities resolve. If the ALT or AST are greater than 5-times the ULN, or if the transaminases levels are more than 3-times the ULN and the blood bilirubin is more than twice the ULN, the administration should be interrupted.


    Cataracts – Non-congenital lens opacities or cataracts have been reported in paediatric patients using ivacaftor. Therefore, baseline and follow-up examinations are recommended in this patient group.


    Respiratory events – During the initiation of treatment with the combination of lumacaftor + ivacaftor, respiratory events (such as chest discomfort and dyspnoea) were observed more commonly. As the clinical experience in patients with a per cent predicted forced expiratory volume below 40% is limited, additional monitoring of these patients is recommended during the initiation of therapy.


    Blood pressure – Increased blood pressure has been observed in some patients using the combination lumacaftor + ivacaftor. Periodically monitor blood pressure in all patients.


    Use in specific populations


    Pregnancy – Little is known about the safety of CFTR modulators during pregnancy. The existing data, mostly retrieved from animals, suggest a low risk with the use. However, the sparsity of human pregnancy experience cannot exclude risk. Two case reports described healthy human pregnancies under the use of ivacaftor (in one of them, the drug was discontinued after the pregnancy was discovered, while in the other case, ivacaftor was used during the entire pregnancy period). Another case report described an uncomplicated and successful pregnancy of a woman treated with the combination of lumacaftor + ivacaftor. As cystic fibrosis may be life-threatening, it is advisable not to quit the treatment before consulting the prescriber.


    Nursing mothers – The relatively small molecular weight and the long terminal half-lives suggest that elexacaftor, ivacaftor, lumacaftor and tezacaftor will be excreted into breast milk. Nonetheless, these drugs are probably safe while breastfeeding. Ivacaftor and lumacaftor were found in low levels in the milk of one mother who was using this drug combination. Both drugs were detectable in the plasma of the breastfed baby. The breastfed infant had transient fluctuations in liver function tests, but these could not definitively be attributed to the substances. No information could be retrieved regarding the use of tezacaftor and elexacaftor while nursing a baby.


    Caution should be used when considering the mother’s clinical need along with the potential adverse effects on the breastfed child. When a nursing mother is using the drugs, the infant’s bilirubin and liver enzymes should be monitored, as well as other adverse effects.


    Paediatric use – All the CFTR modulators were clinically evaluated in the paediatric population and are used in children who have treatment-responsive mutations (the exact mutations list for which the indications are made, as well as the minimal age approved for use, may slightly change in different regulatory authorities). As non-congenital lens opacities/cataracts have been reported in paediatric patients treated with ivacaftor and its combinations, baseline and follow-up examinations are recommended before initiating the treatment.


    Geriatric patients – The clinical trials of elexacaftor, ivacaftor, lumacaftor and tezacaftor did not include enough elderly participants to determine if this population group respond to the treatment the same way. If used, the dose should be adjusted in case of moderate hepatic impairment, and caution should be used in patients with severe and end-stage renal impairment.


    Renal impairment – No dose adjustment is required for patients with moderate and mild impairment. Caution should be used in patients with severe and end-stage renal disease.


    Hepatic impairment – No dose reduction is required for patients with mild hepatic impairment. A reduced dose is recommended for patients with moderate impairment (Child–Pugh class B). As no studies were conducted in patients with severe hepatic impairment, caution should be exercised when deciding to use a member belonging to this pharmacological group in this patient population.


    Sex – No clinically significant differences between males and females were demonstrated in the pharmacokinetic parameters of the CFTR modulators.


    Ethnicity – No clinically meaningful differences in the pharmacokinetic parameters of ivacaftor and tezacaftor were found between white and non-white patients.


    Patients after organ transplantation – The use of substances belonging to this pharmacological group has not been studied in patients who have undergone an organ transplantation. Due to the potential drug interactions, the use is not recommended.


    Pharmacokinetics


    For all the currently approved CFTR modulators, maximal concentration is achieved about 4 hours after the administration. The exposure of elexacaftor, ivacaftor and tezacaftor is similar between healthy adults and patients with cystic fibrosis. The exposure of lumacaftor is about 2-fold higher in healthy adults, compared to people with cystic fibrosis.


    Taking the treatment just before or just after a fat-containing meal, is about to increase the exposure to elexacaftor by 1.9–2.5-times, ivacaftor by 2.5–4-times, and to lumacaftor by 2-times. For this reason, those substances should always be consumed after a fat-containing meal. For tezacaftor, the exposure is similar when taken on a fasting state or with a meal. However, it is always used in combination with ivacaftor and therefore, in practice, it should also be taken with fatty foods.


    Elexacaftor, ivacaftor and tezacaftor are metabolized by the cytochrome P450 3A (CYP3A4 and CYP3A5) system. The three substances are CYP inhibitors and are substrates and inhibitors of P-glycoprotein (P-gp). They have some active metabolites. Lumacaftor is not extensively metabolized, and mainly undergoes oxidation and glucuronidation processes. It is a strong inducer of CYP3A, a potential inducer of CYP2B6, 2C8, 2C9 and 2C19 in vitro, and an in vivo inhibitor of CYP2C8 and 2C9. Lumacaftor can act both as an inhibitor and an inducer of P-gp. When combined with lumacaftor, the steady-state exposure of ivacaftor is lower than its exposure on the first day of treatment. This happens due to CYP3A induction by lumacaftor.


    Due to the extensive hepatic involvement in their metabolism, elexacaftor, ivacaftor and tezacaftor dosage is adjusted in the case of moderate hepatic impairment. Although lumacaftor is not metabolized extensively, its dose should also be adjusted. Dose adjustment is not necessary in case of renal impairment.


    Members of the -caftor family are highly bound to plasma proteins (approximately 99%). Ivacaftor is mainly bound to alpha 1-acid glycoprotein and albumin, while elexacaftor, lumacaftor and tezacaftor are primarily bound to albumin.


    The CFTR modulators are mostly cleared in the faeces. Their half-life is about 25 hours for elexacaftor and lumacaftor, 156 hours for tezacaftor and 12 hours for ivacaftor. When combined with lumacaftor, the half-life of the latter is decreased to 9 hours. On the contrary, when used with tezacaftor, its half-life is prolonged to 13.7 hours. Ivacaftor and lumacaftor are administered twice daily. Due to their long half-lives, elexacaftor and tezacaftor are administered once daily. However, the latter two are always used in combination with ivacaftor.


    Drug–drug interactions


    Ivacaftor and its active metabolite, M1, are cytochrome P450 3A (CYP3A4 and CYP3A5) substrates and inhibitors, as well as inhibitors of P-glycoprotein (P-gp). Ivacaftor has the potential to inhibit CYP2C9 in vitro.


    Lumacaftor is a strong inducer of CYP3A and could act as an inhibitor or an inducer of P-gp. It also has the potential to induce CYP2B6, 2C8, 2C9 and 2C19, and inhibit CYP2C8 and 2C9. When lumacaftor and ivacaftor are used concurrently, the net effect of the therapy is a CYP3A induction.


    Tezacaftor is a CYP3A substrate, with a low potential to inhibit CYP1A2, 2B6, 2C8, 2C9, 2C19, 2D6 and 3A4 in vitro. It is a substrate of the uptake transporter OATP1B1, and the efflux transporters P-gp and BCRP. Tezacaftor may also inhibit the transporters P-gp, BCRP, ATP1B1, OATP1B3, OCT2, OAT1, or OAT3.


    Elexacaftor inhibits the uptake by OATP1B1 and OATP1B3 in vitro.


    All the described interactions, and the fact that different -caftor are often used together, pose a risk for multiple significant interactions with other commonly administered medications, which requires careful dose regulation, to avert toxicities or reduced activity.


    CYP 3A inducers – Concomitant use with strong CYP3A inducers (such as rifampicin, phenobarbital and carbamazepine) may substantially decrease the exposure to elexacaftor, ivacaftor and tezacaftor and lead to a reduction in the effectiveness of the treatment. Therefore, concurrent use is not recommended.


    CYP 3A inhibitors – When used concurrently with CYP3A inhibitors (such as clarithromycin, ketoconazole and fluconazole), a dose reduction of ivacaftor, elexacaftor and tezacaftor may be required. Co-administration with grapefruits or Seville oranges is not recommended. When a combination of lumacaftor and ivacaftor is initiated in patients using a CYP3A inhibitor, the dosing in the initiation phase may need to be reduced. When the CYP3A is initiated in patients already using the lumacaftor and ivacaftor combination, no dose adjustment is required.


    CYP 3A substrates – The concurrent use of this pharmacological group with substances that are sensitive CYP3A substrate, or have a narrow therapeutic index, is not recommended.


    P-gp substrates – Caution and monitoring are recommended when elexacaftor, tezacaftor and/or ivacaftor are co-administered with P-gp substrates (such as cyclosporine, digoxin, tacrolimus).


    Systemic corticosteroids – Concomitant use of the combined lumacaftor + ivacaftor may reduce the exposure and effectiveness of prednisone and methylprednisolone. A higher dose the corticosteroids may be required.


    Hormonal contraceptives – Since lumacaftor is an inducer of CYP3A, the exposure to hormonal contraceptives may be decreased under its use. When co-administered with the combination lumacaftor + ivacaftor, hormonal contraceptives should not be considered as an effective method of contraception.


    Antidepressants – The use of the combined lumacaftor + ivacaftor formulation may reduce the exposure and effectiveness of citalopram, escitalopram and sertraline. A higher dose of the antidepressants may be required.


    Oral hypoglycaemics – The co-administration of lumacaftor + ivacaftor may alter the exposure to repaglinide, as well as sulfonylurea. A dose adjustment may be required.


    Proton pump inhibitors, H2 blockers – The combination of lumacaftor + ivacaftor may reduce the exposure and effectiveness of proton pump inhibitors such as omeprazole, esomeprazole and lansoprazole, and may alter the exposure of ranitidine. A dose adjustment may be required to obtain the desired clinical effect. No dose adjustment is recommended for calcium carbonate-based antacids.


    Warfarin – The combination of lumacaftor + ivacaftor may alter the exposure of warfarin. The international normalized ratio (INR) should be monitored when they are co-administrated.


    Administration


    Ivacaftor and lumacaftor are administered twice daily, while tezacaftor and elexacaftor should be taken only once daily. As the two latter substances are always combined with ivacaftor, the combined treatment should be taken in the morning, and a dose of ivacaftor should be taken in the evening.


    The exposure to elexacaftor, ivacaftor and lumacaftor increased significantly when they were ingested with fat-containing food. Therefore, they should be administered just before or just after fat-containing food. There is no significant difference in the absorption of tezacaftor, when administered with or without fat-containing food. However, since it is always used with ivacaftor, it should also be taken with a fatty meal.


    For the oral granules, the entire contents of the oral granules packet should be mixed with one teaspoon (5 mL) of soft food or liquid. The food/liquid should be at room temperature or below, and may be mashed fruits or vegetables, yogurt, water, breast milk, infant formula, milk, juice or other age-appropriate soft food or liquid. The mixture should be consumed completely, within maximum 1 hour after mixing.


    Patients should be counselled to avoid grapefruit and Seville oranges while using the CFTR modulators.


    Monitoring


    Clinical efficacy – As demonstrated in the per cent predicted forced expiratory volume measurements, body mass index (BMI) and frequency of pulmonary exacerbations.


    Respiratory events – Additional monitoring is recommended for patients with per cent predicted forced expiratory volume less than 40%, since serious respiratory events were seen in higher frequency in this group. In addition, the clinical experience in this population is limited.


    Serum transaminases and bilirubin should be measured before initiating the treatment, every 3 months during the first year of treatment, and annually thereafter. More frequent monitoring is recommended for patients with a history of ALT, AST or bilirubin elevations.


    Cataract – Baseline and follow-up ophthalmological examinations should be performed in paediatric patients receiving the treatment.


    Periodically monitor blood pressure in patients using lumacaftor.


    Overdose


    No specific antidote is available, and the treatment of overdose consists mostly general supportive measures, such as monitoring of vital signs and observation of the clinical status.


    Dosage forms


    
      	Oral tablets


      	Oral granules

    


    Important patient information


    
      	The treatment is best absorbed when taken with fat-containing food. Therefore, it should be taken just before or just after a fat-containing meal (as can be found in eggs, butter, whole milk, cheese and yogurt).


      	Abnormalities of the eye lens (cataracts) have been noted in some children and adolescents using ivacaftor. Baseline and follow-up ophthalmological examinations should be performed in paediatric patients receiving this treatment. Therefore, baseline and follow-up ophthalmological examinations should be performed in paediatric patients receiving the treatment.


      	When a dose of ivacaftor, lumacaftor, tezacaftor is missed, and more than 6 hours passed after the usual time it is taken, this dose should be skipped, and the regular routine should be resumed. When a dose of the triple combination of elexacaftor, ivacaftor and tezacaftor is missed, the triple therapy should be taken, while the dosing of ivacaftor only should be skipped: if the morning, combined treatment was missed, it should be administered right away. The evening (ivacaftor only) should be skipped. When an evening dose is missed in more than 6 hours, patients should wait until the morning and take the morning dose at regular time.


      	Patients should avoid food or drinks that contain grapefruit or Seville oranges.


      	The treatment may cause dizziness. It is advisable to avoid driving, use machinery or any activity that requires full alertness, until the effect of the drug is over.


      	Patients using the combination of lumacaftor and ivacaftor should not rely solely on hormonal contraceptives as a birth control method. An alternative method should be advised, due to the potential decrease in the efficacy of hormonal contraceptive when lumacaftor is used.

    


    Substances with INNs*


    bamocaftor (121), deutivacaftor (118), dirocaftor (123), elexacaftor (121), galicaftor (119), icenticaftor (122), ivacaftor (104), lumacaftor (105), navocaftor (121), nesolicaftor (122), olacaftor (119), posenacaftor (122), tezacaftor (114), vanzacaftor (126), zatonacaftor (128)
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