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ABSTRACT 

The drug desensitization and tolerance are critical issues of long-term pharmacotherapy when the decreased drug efficacy 

requires higher dosages, causing safety and clinical problems. This review examines the mechanisms of receptor 

desensitization, such as GPCR phosphorylation, internalization and degradation through proteasomal and lysosomal 

pathways. Pharmacodynamic, pharmacokinetic, and behavioral types of drug tolerance are examined, as well as important 

receptor systems, including the μ-opioid, β-adrenergic, dopamine and serotonergic receptors. Such clinical implications as 

therapeutic failure, dose escalation, and cross-tolerance are mentioned. The mitigating strategies to tolerance are intermittent 

dosing, biased agonist, combination therapy, and downstream signaling. There are some recent developments like 2-arrestin-

biased ligands, CRISPR/Cas9 gene editing and pharmacogenomic profiling which show some promising information on 

personalized medicine. The comprehension of these mechanisms of adaptation is important in order to optimize therapeutic 

regimens particularly in chronic pain, psychiatric and cardiovascular practice. This piece of work reinforces the idea of 

conducting translational studies and applying new methods that could enhance the responsiveness of drugs, reduce their 

resistance, and increase patient outcomes. 
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INTRODUCTION 

The most important pharmacological 

phenomena are desensitization and drug tolerance, in 

which the effect of a drug on the body reduces with time 

as the drug is administered [1–3]. Desensitization is when 

there is a lowered cell or receptor-based response 

following repeated stimulation, usually by receptor down 

regulation or signal pathway damping. The concept of 

drug tolerance on the other hand is a clinical 

phenomenon that tends to require more doses of a drug to 

produce the same therapeutic effect as the same drug 

used to produce [4–6]. These two processes may be 

induced by pharmacodynamic or pharmacokinetic 

processes and are important in the perception of drug 

efficacy and safety with long-term use. Desensitization 

and tolerance are fundamental ideas in clinical 

pharmacology that can be used to maximize the 

effectiveness of therapeutic treatment and reduce adverse 

effects [6,7]. This knowledge assists clinicians to modify 

dosing schedules, avoid overdose and treatment failure in 

long term therapy. Drug tolerance was first noted in the 

circumstances of opioid and alcohol abuse, with repeated 

consumption, resulting in the weakening of the effect, 

which then led to higher doses.  
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The molecular mechanism of desensitization was studied 

overtime particularly that of G-protein-coupled receptors 

(GPCRs) and ion channels. Initial pharmacological 

researchers such as Paul Ehrlich formulated theory on 

receptor interactions and adaptive mechanisms. The 

important concepts at this point are receptor 

internalization, signal transduction attenuation, enzyme 

induction, and homeostatic feedback that now define our 

current knowledge of how the body adapts to the 

continuous exposure to drugs [8]. 

 

Types of Drug Tolerance 

Pharmacodynamics tolerance is a condition that 

results in reduced responsiveness of the body target sites 

of a drug (usually receptors) following repeated 

exposure [9,10]. Among the major ones is receptor 

downregulation (2.1.1), which involves a reduction in 

the amount of receptors on the cell surface, which 

decreases drug binding and subsequent effect. This is 

usually seen in the use of opioids as constant stimulation 

causes a decrease in analgesic action. The other 

mechanism is signal transduction (2.1.2) whereby 

intracellular pathways by which drugs act are altered or 

disturbed. As an example, when the affinity of a drug to 

bind G-protein-coupled receptors is unaltered, the 

desensitization of the receptor pathway can greatly 

decrease the activity of the drug [11–13]. 

 

Pharmacokinetic Tolerance 

In pharmacokinetic tolerance the body begins to 

develop greater efficiency in metabolic or excretion of 

the drug thus leading to reduced amounts reaching the 

point of action [14–18]. Of importance here is enzyme 

induction and drug metabolism (2.2.1) - repeated 

administration of some drugs stimulates liver enzymes 

(e.g. CYP450) increasing metabolism and decreasing 

plasma levels. Also, there may be a contribution by 

altered drug distribution and clearance (2.2.2) in which 

alteration in plasma protein binding, tissue storage or 

renal elimination alters drug bioavailability resulting in 

reduced therapeutic response with time. 

 

Learned and Behavioral Tolerance. 

Behavioral and learned tolerance is the 

modification of behavior or the environment to the 

effects of a drug and this is usually not dependent on 

biochemical modification. Conditioned responses (2.3.1) 

are those cases when people are taught to fight the drugs 

with their behavior or expectation, particularly in the 

case of such substances as alcohol or benzodiazepines 

[19–21]. Tolerance (2.3.2) is also modified by 

environmental modulation, so that tolerant conditions 

can occur and result in adaptive physiological responses 

that minimize the effect of the drug, or intolerant 

conditions can occur and result in hyperirritability that is 

highly observed during the study of psychoactive drugs 

and addiction [22–25]. 

 

Internalization and Recycling of Receptors. 

After phosphorylation, a large number of 

receptors are internalized in endocytic pathways that are 

well-characterized. In the case of G-protein-coupled 

receptors (GPCRs), the endocytosis pathways (3.2.1) 

play the role of regulating the availability of the 

receptors in the cell surface. It is an internalization by 

way of clathrin-coated pits and is assisted by 2 -arrestins 

and clathrin (3.2.2), which bind to phosphorylated 

receptors and promote their internalization into the cell. 

After internalization, the receptors can be recycled to the 

plasma membrane to be used again or can be degraded 

according to the situations of the cell and the period of 

stimulation. When the duration of receptor 

desensitization is long, the cell can lead the receptors to 

form degradation pathways. The massively used process 

is the ubiquitination and proteasomal degradation 

(3.3.1), in which receptors are labeled with ubiquitin 

molecules, and transported to the proteasome, where 

they are broken down [26]. Alternatively, the receptors 

can be internalised into lysosomes and degraded (3.3.2) 

especially when receptor stimulation is prolonged. This 

receptor depletion results in the long term down-

regulation of receptors, which leaves cells less sensitive 

to subsequent stimulation, a serious cause of drug 

tolerance. 

 

Receptors that are discussed as Common in 

Tolerance. 

The opioid receptors, the μ-opioid receptor 

(MOR) is one of the most clinically relevant receptors in 

drug tolerance (4.1.1). Chronic MOR stimulation by 

morphine or fentanyl causes a phosphorylation of 

receptors, recruitment of 8 -arrestin, and internalization 

and this ultimately suppressed analgesic efficacy- a 

classic example of receptor desensitization [27,28]. This 

leads to tolerance in chronic pain management (4.1.2) 

where the doses must be reinforced to continue pain 

relief and predisposes dependence and overdose [29–31]. 

 

Β-Adrenergic Receptors 

The most essential pharmacotherapy of 

cardiovascular activity is the involvement of β-

adrenergic receptors (especially β1 and β2). Receptor 

desensitization and internalization will occur with 

continuous exposure to either 8-agonists, or 8-blockers 

[32]. Long-term use has significant implications on the 

cardiovascular system (4.2.1) because it may lower the 

effectiveness of drugs used to treat hypertension, 

arrhythmias, and heart failure since decreased receptor 

responsiveness will reduce treatment efficacy, requiring 

a change in dose or rotation to a different drug [32–34]. 
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Dopamine Receptors 

The receptors of dopamine particularly D2-like 

receptors play a key role in the emergence of 

antipsychotics and dopaminergic drug tolerance. Chronic 

D2 receptor blockade can result in receptor upregulation 

or signal transduction alterations in antipsychotic therapy 

(4.3.1) and result in diminished drug response and side 

effects exacerbation. Conversely, in Parkinson disease 

(4.3.2), after a long period of use of the dopaminergic, 

such as levodopa, motor fluctuations and diminished 

effect occur as the receptor desensitize and the neural 

adaptation takes place [35–38]. 

 

Nicotinic and Serotonergic Receptors. 

Nicotinic acetylcholine receptors (nAChRs) 

become quickly desensitized to repetitive nicotine 

stimulation, which is one factor that causes nicotine 

tolerance to tobacco use (4.4.1)[39]. This receptor 

adaptation is the basis of the increasing nicotine doses 

with time and it is a fundamental mechanism in 

addiction [40,41]. Likewise, serotonergic receptors, 

especially 5-HT1A receptors, become desensitized to the 

chronic application of selective serotonin reuptake 

inhibitors (SSRIs) (4.4.2), which not only slows the 

onset of therapy but is also required to sustain long-term 

antidepressant effects[37,41,42]. 

 

Clinical Implication of Drug Tolerance. 

 

The most acute clinical effects of drug tolerance 

can be seen in the form of therapeutic efficacy loss in the 

long-run. This is most evident in the case of chronic 

opioid and benzodiazepine use (5.1.1) in which patients 

repeatedly report a decrease in effects despite their 

continued use. Tolerance to analgesia or anxiolytic 

responses does not only decrease the quality of life of 

patients but may be a source of misuse or overuse. In a 

similar way, the desensitization of receptors to long-term 

salbutamol therapy of asthma (5.1.2) may occur, leading 

to decreased bronchodilatory activity and heightened 

asthma exacerbation [43]. 

 

Need for Dose Escalation 

In a bid to counter the diminished drug effect, 

clinicians usually respond by increasing the dose which 

is very dangerous. These include the risks of toxicity and 

dependence (5.2.1), particularly in those with a narrow 

spectrum of activity, or with the potential to cause 

addiction, including opioids and tranquillisers[44]. 

Moreover, there is also the issue of economic and safety 

issues (5.2.2) such as more expensive healthcare due to 

the increased drug use, frequent checks, as well as the 

possibility of adverse events, which complicates and 

makes long-term treatment quite expensive[45–47]. 

 

Cross-Tolerance and Substitution of Drugs. 

The other clinical issue is the cross-tolerance 

whereby tolerance to one drug decreases the 

responsiveness of other drugs having the same 

mechanism of action [48,49]. This is commonly 

discussed by opioid rotation (5.3.1) in which patients 

receive another form of opioid in order to restore 

analgesic effect because of an incomplete cross-

tolerance. Such strategies should however be managed 

well. In more general therapeutic situations, cross-

tolerance may confound polypharmacy (5.3.2) where 

various drugs engage with each other 

pharmacodynamically to diminish the overall effect of 

treatment and complicate the process of care 

management [50–52]. 

 

Desensitization strategies can be defeated through the 

use of strategies. 

The introduction of drug holidays or 

intermittent dosing is one of the most widely used 

methods in order to avoid desensitization. This approach 

is a temporary withdrawal of a drug to help receptor 

systems to reset down and make them potentially 

sensitive to drugs again [53]. It is especially useful in 

drugs such as dopaminergic agents in Parkinson, or 

psychostimulants in ADHD, where the effect is reduced 

with a persistent exposure to the drug. Prudent dosage 

pauses would decrease the occurrence of tolerance and 

postpone dose increase [54]. 

 

Biased Agonists and Partial Agonist. 

A second possible solution is biased 

agonist/partial agonist which activate advantageous 

signaling pathways without stimulating agensitization-

inducing pathways [55–59]. As an illustration, biased μ-

opioid receptor agonists may also induce analgesia by 

stimulating the activity of 5-hydrotryptophan without 

recruiting β-arrestinto a great extent to limit tolerance 

and side effects. Buprenorphine, used to treat opioid 

dependence, is an example of a partial agonist that can 

generate different levels of receptor activation, as well as 

maintain a therapeutic level without causing quick 

receptor desensitization [60–62]. 

 

The analysis of the downstream effects involves 

several different targets, which are detailed below. 

Other strategies attempt to influence 

downstream effectors within the signaling cascade as 

opposed to acting on the receptor level. These 

interventions do not use desensitized receptors but rather 

regulate intracellular pathways or transcriptional 

reactions [63]. As an illustration, a protein kinase or 

second messenger inhibitor can maintain drug activity 

when the receptors become unresponsive. This method is 
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especially applicable in complicated diseases such as 

cancer or neurodegeneration, in which several signaling 

axes can be considered [64,65]. 

 

New Developments and Research Notes. 

One of the most recent advances in receptor 

pharmacology is the generation of so-called 2arrestin-

biased ligands, able to selectively activate the receptor 

signaling without activating the pathways that result in 

desensitization and internalization.[66-70] The ligands 

are capable of selectively activating G-protein signaling 

and reducing recruitment of 2 -arrestin, thereby 

maintaining therapeutic activity and decreasing tolerance 

and side effects. This principle has been investigated in 

opioid medicine especially using new μ-opioid receptor 

ligands that minimize respiratory depression and 

dependence potential.

 

Table 1: Types of Drug Tolerance 

Type of Tolerance Mechanism Examples 

Pharmacodynamic 

 

Changes at the receptor level such as downregulation or altered 

signaling 

Opioids, benzodiazepines 

 

Pharmacokinetic 

 

Increased metabolism or elimination due to enzyme induction 

or distribution 

Barbiturates, alcohol 

 

Behavioral/Learned 

 

Psychological or environmental adaptations that reduce drug 

impact 

Alcohol tolerance in familiar 

settings 

 

Table 2: Receptors Involved in Drug Tolerance and Clinical Implications (N = 75) 

Receptor Type Drug Class Mechanism of Tolerance Clinical Implication 

μ-Opioid Receptor 

(MOR) 

Opioids 

 

Desensitization via β- 

 

Reduced analgesia; need for dose 

escalation 

β-Adrenergic Receptor 

 

β-blockers/β-

agonists 

Receptor downregulation and 

uncoupling 

Decreased effect in heart 

failure/asthma 

Dopamine D2 Receptor 

 

Antipsychotics 

 

Signal alteration or receptor 

adaptation 

Motor side effects; reduced 

therapeutic response 

Nicotinic Acetylcholine 

Receptor 

Nicotine 

 

Rapid desensitization and 

internalization 

Tolerance in smoking; addiction 

potential 

Serotonin 5-HT1A 

Receptor 

SSRIs 

 

Desensitization with chronic use 

 

Delayed antidepressant response 

 

 

Table 3: Strategies to Overcome Drug Desensitization and Tolerance 

Strategy Mechanism Example/Use 

Drug Holidays / Intermittent 

Dosing 

Allows receptor systems to recover sensitivity 

 

ADHD meds, Parkinson’s therapy 

 

Biased or Partial Agonists 

 

Selectively activate pathways that reduce 

tolerance 

Buprenorphine for opioid 

dependence 

Combination/Add-on Therapy 

 

Target multiple pathways; reduce overload on 

one receptor 

NMDA antagonists with opioids 

 

Targeting Downstream Effectors Modulate intracellular signaling beyond receptor 

level 

Protein kinase inhibitors in cancer 

 

Pharmacogenomic 

 

Tailor therapy based on genetic profile 

 

Genotype-guided dosing in 

psychiatry 
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Figure1: Molecular Pathways of 

Receptor Desensitization and 

Downregulation 

Figure2: Key Clinical Consequences 

of Drug Tolerance in Long-Term 

Therapy 

Figure3: Emerging Innovations in 

Receptor Desensitization and Drug 

Tolerance Research 

 
   

 

CONCLUSION 

Knowledge of the mechanisms of 

desensitization and drug tolerance presents important 

information on the mechanisms of molecular behavior of 

receptors and the problem of pharmacotherapy in the 

long-term perspective. Central processes that include 

receptor phosphorylation, internalization and 

downregulation, especially of G-protein-coupled 

receptors (GPCRs), mediate the reduced activity that is 

apparent with chronic drug use. Such processes lead to 

not only the loss of responsiveness, but also to important 

molecular targets of therapeutic intervention. The 

clinical impacts of drug tolerance have immense 

implications particularly in the treatment of chronic 

diseases including pain, asthma, cardiovascular disease, 

and psychiatric disorders. Dose escalation, greater 

susceptibility to side effects and difficult.  

Management of patients due to potential cross-

tolerance and drug interactions are required in tolerance. 

These effects must be known to clinicians in order to 

maximize long term treatment, observe therapeutic 

windows, and tailor treatment plans to maximize 

efficacy and minimize harm. Future research on the area 

is set to take advantage of the theoretical developments 

in molecular biology, imaging, and pharmacogenomics. 

To develop drugs that maintain therapeutic efficacy and 

avoid desensitization, there is scientific evidence 

supporting the development of biased agonism, receptor 

trafficking and gene-editing technologies like 

CRISPR/Cas9. Moreover, the application of 

pharmacogenomics data in regular care can potentially 

provide a possibility to predict and prevent tolerance on 

a personal basis. The future development of these 

innovative strategies will play the crucial role in 

eliminating the shortcomings of existing 

pharmacotherapies and improve patient outcomes in 

chronic cases of drug treatments. 
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