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Heroin,
destructive substances worldwide. Its misuse contributes 
and economic
perception from moral failing to a complex neurobehavioral disease characterized by compulsive 
drug-seeking and neuroadaptive changes in brain circuits. Effective management of OUD relies on 
medication
psychosocial interventions. Buprenorphine, a partial 
antagonist, offers a unique therapeutic profile with a ceiling effect on respiratory depression
overdose risks. Its transdermal, sublingual and depot formulations have improved adherence and 
minimized diversion potential. In contrast, methadone, a full μ
receptor
careful titration due to cardiotoxicity and variable metabolism influenced by CYP polymorphisms. 
Recent advances in structure
synthesis have expanded 
buprenorphine’s superiority in safety and outpatient flexibility, while
indispensable
pharmacogenomics
reshaping OUD therapy into a more personalized and sustainable model. This review consolidates 
current evidence, pharmacological insights and translational innovat
buprenorphine and methadone continue to redefine the landscape of addiction medicine.
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INTRODUCTION 
 

The worldwide escalation of opioid use disorder (OUD) represents a 
critical public health challenge, resulting in increasing rates of 
morbidity, mortality and socioeconomic burden. Despite the in 
indispensable role of opioids in managing acute, chronic and palliative 
pain, their misuse has led to dependence and overdose
globally. The emerging recognition of OUD as a neurobehavioral 
disorder, rather than a moral failing, has shifted t
towards evidence-based pharmacotherapies, notably buprenorphine 
and methadone. These agents form the foundation of medication
assisted treatment (MAT), each offering distinct pharmacodynamic 
and clinical attributes. Buprenorphine, a partial
agonist with κ-opioid receptor antagonism, exhibits ceiling
enhances safety and reduces overdose risks, while
opioid agonist and NMDA receptor antagonist,
retention and analgesic strength but requires careful dosing due to its 
variable metabolism and cardiotoxic potential. This review therefore 
aims to critically analyze and compare the efficacy, safety and clinical 
innovations of buprenorphine and methadone, integrating both 
preclinical as well as clinical findings. The scope extends to exploring 
advancements in micro-induction protocols, depot and transdermal 
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ABSTRACT  

Heroin, a semi-synthetic opioid derived from morphine, remains one
destructive substances worldwide. Its misuse contributes significantly to global morbidity,

economic burden. The evolving understanding of opioid use
perception from moral failing to a complex neurobehavioral disease characterized by compulsive 

seeking and neuroadaptive changes in brain circuits. Effective management of OUD relies on 
medication-assisted therapy (MAT), primarily involving buprenorphine and methadone, alongside 
psychosocial interventions. Buprenorphine, a partial μ-opioid receptor agonist and κ
antagonist, offers a unique therapeutic profile with a ceiling effect on respiratory depression
overdose risks. Its transdermal, sublingual and depot formulations have improved adherence and 
minimized diversion potential. In contrast, methadone, a full μ-opioid receptor agonist and NMDA
receptor antagonist, provides a stronger treatment retention and analgesic
careful titration due to cardiotoxicity and variable metabolism influenced by CYP polymorphisms. 
Recent advances in structure-activity relationship (SAR) studies, pharmacogenomics and green 
synthesis have expanded the therapeutic scope of both agents. Comparative analysis shows 
buprenorphine’s superiority in safety and outpatient flexibility, while
indispensable for severe dependence. Future-oriented strategies such as micro

armacogenomics-guided dosing, digital adherence tools and integration of herbal adjuncts are 
reshaping OUD therapy into a more personalized and sustainable model. This review consolidates 
current evidence, pharmacological insights and translational innovat
buprenorphine and methadone continue to redefine the landscape of addiction medicine.

2025. This is an open access article distributed under the Creative
 in any medium, provided the original work is properly cited.  

 

 

The worldwide escalation of opioid use disorder (OUD) represents a 
critical public health challenge, resulting in increasing rates of 
morbidity, mortality and socioeconomic burden. Despite the in 
indispensable role of opioids in managing acute, chronic and palliative 
pain, their misuse has led to dependence and overdose-related deaths 
globally. The emerging recognition of OUD as a neurobehavioral 
disorder, rather than a moral failing, has shifted therapeutic potential 

based pharmacotherapies, notably buprenorphine 
and methadone. These agents form the foundation of medication-
assisted treatment (MAT), each offering distinct pharmacodynamic 

rtial μ-opioid receptor 
exhibits ceiling effect that 
while methadone, a full μ-

antagonist, provides superior 
but requires careful dosing due to its 

This review therefore 
aims to critically analyze and compare the efficacy, safety and clinical 
innovations of buprenorphine and methadone, integrating both 

inical as well as clinical findings. The scope extends to exploring 
induction protocols, depot and transdermal  

 
delivery systems, pharmacogenomic
synthesis approaches, reflecting the transition towards safer a
personalized therapies. By consolidating mechanistic insights, 
formulation advances and translational applications, this review seeks 
to establish scientifically coherent framework for optimization of 
opioid agonist therapy and mitigating the globa
 

METHODOLOGY 
  
A comprehensive and Systematic 
meet the objectives of the review. The review followed a structured 
search strategy focusing on major scientific databases, including 
PubMed, Scopus, ScienceDirect and Google Scholar. The systematic 
exploration of data and publications included combinations of 
keywords such as “Opioid Use Disorder (OUD), Buprenorphine, 
Methadone, micro-induction, depot formulations, transdermal 
patches, efficacy, safety” and “clinical advancements”.
preclinical and clinical studies
comprehensive understanding of the pharmacological profiles, 
therapeutic outcomes and safety aspects of the two agents. Articles
were selected based on relevance,
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one of the most addictive and socially 
significantly to global morbidity, mortality 

use disorder (OUD) has shifted its 
perception from moral failing to a complex neurobehavioral disease characterized by compulsive 

seeking and neuroadaptive changes in brain circuits. Effective management of OUD relies on 
primarily involving buprenorphine and methadone, alongside 

opioid receptor agonist and κ-opioid receptor 
antagonist, offers a unique therapeutic profile with a ceiling effect on respiratory depression, reducing 
overdose risks. Its transdermal, sublingual and depot formulations have improved adherence and 

opioid receptor agonist and NMDA 
tention and analgesic potency but demands 

careful titration due to cardiotoxicity and variable metabolism influenced by CYP polymorphisms. 
activity relationship (SAR) studies, pharmacogenomics and green 

the therapeutic scope of both agents. Comparative analysis shows 
buprenorphine’s superiority in safety and outpatient flexibility, while methadone remains 

such as micro-induction protocols, 
guided dosing, digital adherence tools and integration of herbal adjuncts are 

reshaping OUD therapy into a more personalized and sustainable model. This review consolidates 
current evidence, pharmacological insights and translational innovations, underscoring how 
buprenorphine and methadone continue to redefine the landscape of addiction medicine. 
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delivery systems, pharmacogenomic-guided dosing and green 
synthesis approaches, reflecting the transition towards safer and more 
personalized therapies. By consolidating mechanistic insights, 
formulation advances and translational applications, this review seeks 
to establish scientifically coherent framework for optimization of 
opioid agonist therapy and mitigating the global burden of OUD. 
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of experimental or clinical data. Mechanistic insights, 
pharmacokinetic properties, formulation trends and patient
innovations were critically examined. The collected literature was 
synthesized to develop a comparative and evidence
on how buprenorphine and methadone continue to evolve within the 
framework of addiction medicine. 
  
Heroin also termed as diacetylmorphine and is a semi
derivative of morphine (1). It is known for its euphoric
addictive opioid (1). As per U.S. Department of 
Services (HHS) opioid crisis was declared a public emergency in the 
year 2017 (2, 3). The heroin dependence is still a major health 
concern associated with mortality and morbidity which affects social 
aspects, productivity along with healthcare like HIV (Human 
immunodeficiency virus) as well as hepatitis C (4).
(International Classification of Diseases tenth revision) code for 
heroin withdrawal classified opioid dependence with withdrawal (5). 
The management of opioid use disorder includes drugs
buprenorphine and methadone (6). Buprenorphine,
agonist whereas methadone, a full opioid agonist
significant issue of opioid use disorder (2). Methadone has an 
effective action in severe dependence and buprenorphine is safer, has 
ceiling effect and less overdose risk (7, 8).  
 

 
Figure 1. Effects of Heroin withdrawal

 
 
The adjunct strategies are psychosocial support, relapse 
(9). Opioids are a heterogeneous group of compounds that act 
primarily on opioid receptors—μ (mu), κ (kappa), and δ (delta)
modulate pain, reward, and physiological processes
classification reflects chemical structure, source, and
Despite being linked with dependency and overdose,
indispensable in medicine due to their unmatched analgesic efficacy 
and role in OUD (opioid use disorder) treatment (5, 11).
 

 
Figure 3. Classification of opioids
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The adjunct strategies are psychosocial support, relapse prevention 
Opioids are a heterogeneous group of compounds that act 

μ (mu), κ (kappa), and δ (delta)—to 
modulate pain, reward, and physiological processes (10). Their 
classification reflects chemical structure, source, and receptor activity. 

overdose, opioids remain 
their unmatched analgesic efficacy 

and role in OUD (opioid use disorder) treatment (5, 11).  

 

opioids 

Figure 4. Mechanism of
 
Opioids continue to offer various significant therapeutic benefits in 
modern medicine. They are considered as the gold standard for severe
pain (acute, postoperative, cancer
analgesic potential (12). In palliative
vital function in alleviating suffering in terminal illness (12).
Additionally, they serve as valuable adjuncts
(8) as well as are potentially used
methadone and buprenorphine reduce
use (13). Furthermore, research frontiers the development of extended
release formulations, implants, transdermal delivery systems aimed 
for improving safety and compliance (14).
action opioids account for several opioid
leads to development of a chronic condition which can be 
characterized by compulsive use of opioid drugs. More than 16 
million people get affected from OUD worldwide (13). Despite 
ignoring their adverse consequences, for instance relapsing 
neurobehavioral condition which 
drugs for long time period. The criteria
5 (Diagnostic and Statistical Manual of Mental Disorders, Fifth 
Edition) which includes eleven symptoms related to recurrent use of 
opioids. An individual showing two or mere symptoms among the 
eleven DMS-5 criteria symptoms within 12
impairment and distress shall be defined under OUD (12).
be diagnosed by several biomarkers
10) which is a  cytokine. Significantly
were observed in patients with OUD
with OUD are overdose and death due
tolerance and dependence (16). The
both medication for OUD as well as psychosocial treatment (17). The 
drugs involved in the pharmacotherapy are Methadone
agonist), Buprenorphine (a partial 
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Significantly higher expression of IL-10 
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OUD as well as psychosocial treatment (17). The 
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 agonist) and Naltrexone (an opioid 
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antagonist) (18). These drugs are responsible for inhibiting the 
withdrawal symptoms thus, managing OUD along with the reversal of 
respiratory depression. 
 
INTRODUCTION TO BUPRENORPHINE 
 
Chemical Classification and Structure: Buprenorphine is 
categorized as a semi-synthetic opioid and is structurally derived from 
thebaine (14), a naturally occurring alkaloid found in the opium poppy 
(19). It belongs to the phenanthrene group of opioids, which are 
recognized by their three-ring core (14). Chemically, it features 
significant modifications particularly the addition of a 
cyclopropylmethyl group at the nitrogen atom, which significantly 
affect its pharmacological profile (20). These structural changes allow 
it to function as a partial agonist at the mu- opioid receptor (MOR) 
(21) and as an antagonist at the kappa opioid receptor (KOR) and 
delta opioid receptor (DOR) receptors (22, 23). It also exhibits low-
affinity activity at the nociceptin/orphanin FQ peptide (NOP) receptor 
(11). These complex interactions make buprenorphine distinct among 
opioids, both in its therapeutic effects and safety profile (18). 
 
Mechanism of Action 
 
Mu-opioid Receptor (MOR): Buprenorphine binds to the MOR with 
high affinity but displays only partial activation (24). This enables it to 
reduce withdrawal symptoms and cravings in opioid-dependent 
individuals while minimizing euphoria and respiratory suppression 
state peals commonly seen with full agonists like heroin or fentanyl 
(11). 
 
Kappa and Delta Receptors: Buprenorphine acts as an antagonist at 
KOR and DOR (25), preventing the dysphoric and hallucinogenic 
effects pain and therapy often triggered by their activation (11). This 
receptor profile is thought to contribute to its mood-stabilizing effects, 
especially beneficial for patients with co-occurring mental health 
disorders (14). 
 
Nociceptin Opioid Receptor (NOP): Its weak partial agonism at the 
NOP receptor has limited clinical significance, but some studies 
suggest that it may fine-tune analgesic or affective responses without 
intensifying abuse potential same (14). 
 
Safety Profile and Ceiling Effect 

 
One of buprenorphine’s most notable advantages is its ceiling effect 
on respiratory depression and euphoria (5). Clinical data confirm that 
after a certain dose—usually around 4–8 mg— further increases do 
not proportionally increase adverse respiratory outcomes a modelling 
review. This makes buprenorphine a safer alternative to full opioid 
agonists, particularly in outpatient or high-risk populations (21). 
Studies in opioid-tolerant individuals demonstrate that high plasma 
levels of buprenorphine blunt the respiratory depressive effects of 
potent opioids like fentanyl. For instance, a significant reduction in 
fentanyl-induced respiratory suppression when steady-state 
buprenorphine was maintained above 2–3 ng/mL (26). 
 
Analgesic Potency and Efficacy: Buprenorphine provides potent and 
sustained analgesia, particularly effective for moderate to severe 
chronic pain. Unlike its respiratory depressive effects, its analgesic 
benefits do not show a ceiling— meaning it can maintain effective pain 
control even at higher doses without escalating safety concerns (27). A 
2023 meta-analysis published in Anesthesia & Analgesia confirmed 
that buprenorphine is non-inferior to morphine and oxycodone in pain 
management and causes fewer side effects like constipation, nausea, 
and sedation (28). It is particularly valuable for older adults and those 
with comorbidities where full agonists pose greater risk (29). 
 
Clinical Applications: Buprenorphine is FDA (Food and Drug 
Administration)-approved for both pain management and the 
treatment of OUD (30). In the context of MAT, buprenorphine helps 
reduce cravings, blocks the euphoric effects of illicit opioids, and 

supports long-term recovery when paired with counseling and 
behavioral therapy (31). 

 
Structure-Activity Relationship of Buprenorphine 

 

 
Figur 5. Chemical Structure of Thebaine 

 
Figure 6. Chemical Structure of Buprenorphine 

 
Chemistry and Core Scaffold: Buprenorphine derives from the 
oripavine/thebaine pathway via Diels–Alder cycloaddition to form the 
6,14-endo-etheno bridge, followed by transformations to the orvinol 
scaffold. Its key features include: (i) a rigid 6,14-etheno bridge; (ii) a 
3-phenolic hydroxyl; (iii) a 14- oxygen substituent; (iv) a bulky 7α 
tertiary alcohol side chain (≈ 2-hydroxy-3,3- dimethylbutan-2-yl); and 
(v) an N17- cyclopropylmethyl group. Modern syntheses proceed 
from oripavine or thebaine with improved N- demethylation/acylation 
protocols and green chemistry variants (32). 
 
Structural Determinants and SAR Map: The most informative 
SAR (Structure Activity Relationship) positions and effects, 
integrating classical orvinol SAR with recent updates 
 
Synthesis of Buprenorphine: Buprenorphine is synthesized from 
thebaine which is derived from opioid found in Papaver somniferum 
commonly called Opium Poppy. 

 
Theory: How Substitutions Shape Efficacy and Kinetics: Efficacy 
at MOR in thebaine/buprenorphine arises from a balance of strong 
orthosteric binding and conformational constraints imposed by the 
6,14-bridge and 7α side chain. Bulky N17 substituents 
(cyclopropylmethyl) favor partial agonism/antagonism by stabilizing 
receptor conformations with limited G- protein signaling, while slow 
dissociation kinetics contribute to prolonged receptor occupancy and 
the clinical 'ceiling' on respiratory depression. Extensions at 14-O 
and halogenation on the A-ring modulate secondary pocket 
interactions implicated in NOP cross-activity and signaling bias. 
Recent cryo- EM/biophysical work supports that buprenorphine’s 
partial agonism results from submaximal stabilization of MOR active 
states and differential phosphorylation patterns, aligning with biased 
agonism observations. (7, 32). 
 

What’s new beyond Earlier Reviews: C(21)-fluorinated 
thevinol/orvinol scaffolds introduce strong inductive effects and 
metabolic stability, offering a fresh vector for tuning affinity and 
efficacy without heavy steric changes (32). Purpose-designed orvinol 
antagonists (e.g., compound 14) achieve naloxone-like reversal with 
potentially longer duration— useful for safety pharmacology and as 
probes. (21). C7β-methyl migration and related rearrangements deliver 
KOR antagonism with preserved high affinity and moderate NOP 
activity—expanding the antagonist space from orvinols (32). 
Emerging structural/biophysical insights (2025) attribute 
buprenorphine’s partial and biased MOR agonism to distinct ligand-
induced conformations—guiding next-gen orvinols with safer profiles 
(21). 
 

Clinical Relevance: Translating SAR to Practice: Partial MOR 
agonism plus KOR antagonism underlie buprenorphine’s analgesic 
and anti- craving benefits with a favorable safety ceiling (7, 12).  
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Table 2. Derivatives and Clinical Variants of Methadone 
 

Derivative/Enantiomer IUPAC Name Pharmacological action Therapeutic Advantage Ref. 
 
Racemic Methadone 

(RS)-6- (dimethylamino) 
-4,4- diphenylheptan- 3-one 

Full μ-opioid receptor agonism Standard clinical formulation for OUD 
and pain 

(42,43) 

 
Levomethadone (R- isomer) 

R-(6- (dimethylamino)- 4,4- 
diphenylheptan-3- one) 

Highμ- opioid selectivity, low
NMDA antagonism 

Lower cardiotoxicity potential (38,44) 

Dextromethadone (S- isomer) S-(6- (dimethylamino)- 4,4- 
diphenylheptan- 3- one) 

Potent N MDA 
antagonism, negligibleμ- opioid 
activity 

Non-addictive analgesiaand 
antidepressant 

(38,44) 

 
Table 3: Completed clinical interventions for Opioid Use Disorders 

 
Sr. No. NCT No. InterventionsSponsors Ref. 

1. NCT03205423 Gabapentin New York State Psychiatric Institute in the Division on Substance Use Disorders, New 
York, New York, United States 

 
 

(49) 
2. NCT05053503 Lofexidine Spark Biomedical, Inc. (50) 
3. NCT04716881 Naltrexone Go Medical Industries Pty Ltd. Columbia University Medical Center, New York, New 

York, United States 
 
 

(51) 
4. NCT04818086 Lemborexant Virginia Commonwealth University, Richmond, Virginia, United States (52) 
5 . NCT05447286 Oxycodone The Yale Stress Center: Yale University, New Haven, Connecticut, United States (53) 

 
Table 4: Ongoing clinical interventions for Opioid Use Disorders 

 
Sr. No. NCT No. Interventions Sponsors Ref. 

1. NCT06067737 Psilocybin Johns Hopkins Center for Psychedelic and Consciousness 
Research, Baltimore, Maryland, United States 

(54) 

2. NCT05063201 Cariprazine Kyle Kampman, University of (55) 
   Pennsylvania, Philadelphia,  

3. NCT06639464 Semaglutide Brigham and Women's Hospital, Boston, Massachusetts, 
United States 

(56) 

4. NCT03958474 Remifentanil Joshua A. Lile, Ph.D., Laboratory of HumanBehavioral 
Pharmacology, Lexington, Kentucky, United States 

(57) 

5. NCT06642181 Guanfacine Rutgers School of Health Professions,Newark,  New Jersey, 
United States 

(58) 

 

 
 

Figure 7. Synthesis of Buprenorphine 
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Figure 8. Mechanism of action of Methadone 
 
Formulation advances (transdermal, buccal, extended- release) 
leverage its slow off-rate and high affinity. Novel SAR directions 
(isotopic substitution, halogenation, 14-O extensions, orvinol 
antagonists) may refine respiratory safety, reduce tolerance, and tailor 
NOP engagement (12, 32). 

 
Rationale for Buprenorphine Formulation Withdrawal and 
Regulatory Restrictions 

 
Despite being widely used, buprenorphine formulations have 
occasionally faced market withdrawal or restricted use due to clinical, 
pharmacological, and regulatory concerns. The key factors include: 

 
 Partial Agonist Activity and Precipitated Withdrawal – 

Buprenorphine exhibits very high μ- opioid receptor affinity but 
only partial agonist activity, which may precipitate withdrawal 
when administered (29). 

 Ceiling Effect on Analgesia – The intrinsic safety advantage of 
buprenorphine is its ceiling effect for respiratory depression, but 
this also limits its use in managing severe pain, making it less 
suitable for some patients with co-existing pain syndromes (7). 

 Diversion and Abuse Potential – Sublingual buprenorphine 
tablets and films have been reported to be diverted, injected, or 
sold in illicit markets, prompting regulators to enforce tighter 
controls and even withdraw certain products in regions with 
high misuse rates (7). 

 Drug–Drug Interactions and Safety Risks – Buprenorphine is 
primarily metabolized via CYP3A4, raising the potential for 
significant interactions with inhibitors such as azole antifungals 
or macrolides. Co-administration with benzodiazepines has 
been implicated in fatal overdoses (14). 

 Formulation-Specific Challenges – Some transdermal products 
have faced issues such as poor patch adhesion, skin reactions, or 
inconsistent bioavailability (33), which contributed to their 
discontinuation in certain markets (27). Moreover, the oral 
bioavailability of buprenorphine remains very low (~15%) (7). 

 
Transdermal Patches Remain a Focus of Research: Despite some 
withdrawals, transdermal buprenorphine patches remain an attractive 
alternative due to their ability to deliver steady plasma levels, 
reducing peak-trough fluctuations and minimizing breakthrough 
withdrawal or craving. These patches are harder to misuse compared 
with sublingual tablets (cannot be easily injected), and they improve 
patient adherence by reducing dosing frequency. Ongoing studies are 
investigating abuse-deterrent adhesives, flexible titration schedules, 
and co-formulations with naloxone to further enhance safety (34). 
 
Efficacy and Safety: Current Evidence and Challenges 
  
Both buprenorphine and methadone significantly reduce opioid-related 
mortality, illicit opioid use, and improve treatment retention compared 
with no medication-assisted treatment (MAT) (13). 
Buprenorphine/naloxone combinations are particularly effective in 
outpatient settings and have demonstrated good tolerability (12). 
Key safety concerns include precipitated withdrawal during induction 
if patients are not in adequate spontaneous withdrawal prior to dosing. 
Plasma level fluctuations from sublingual dosing can contribute to 
breakthrough cravings and potential relapse. Other safety concerns 
include risk of diversion, overdose (especially with sedative co-use), 
and variable adherence (12). 
  
Innovations are focusing on: 
  
 Low-Dose/Micro-Induction Protocols: Gradual receptor 

occupancy reduces the likelihood of precipitated withdrawal 
(35). 

 Patch Bridging Strategies: Using low-dose transdermal patches 
before sublingual initiation has shown success in hospitalized 
patients with minimal withdrawal symptoms (34). 

 Depot/Extended-Release Injections: Provide consistent plasma 
levels for weeks, improves adherence and reduced diversion 
risk (35). 

 
Case Studies and Clinical Evidence 
  
Several clinical reports have demonstrated the feasibility of rapid 
transdermal induction to extended-release buprenorphine in inpatient 
settings, with only mild withdrawal symptoms reported (34). A 
retrospective cohort study involving 32 patients transitioning from 
full agonists to buprenorphine using patches found that 92.6% 
successfully completed induction, with good or fair tolerability in 
>90% of cases (35). A systematic review of 22 studies on rotation 
from chronic opioid therapy to buprenorphine confirmed reductions in 
pain, acceptable tolerability, and low incidence of precipitated 
withdrawal, though evidence quality was limited by study 
heterogeneity (3). 
 
Methadone: Methadone is a synthetic diphenylheptane opioid that 
has held a central place in clinical medicine for over seven decades, 
originally developed in Germany in the late 1930s and entering 
practice in the 1940s as a synthetic alternative to morphine for 
analgesia (36). Over time, its pharmacological profile marked by a 
long half-life, robust oral bioavailability, and potent μ-opioid receptor 
activity secured its use for chronic pain management and opioid use 
disorder (OUD) therapy (37). In addition, methadone's flexible chemical 
framework and its dual action, including NMDA (N-methyl-D- 
aspartate) receptor antagonism, have made it a focus in both research 
and clinical innovation (8). Medicinal chemistry marks methadone as 
unique among opioids due to its acyclic diphenylpropylamine 
backbone, which contrasts with the rigid polycyclic structure of 
morphine. Its IUPAC name is (RS)-6-(dimethylamino)-4,4-
diphenylheptan-3-onehints at its flexible structure, composed of a 
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tertiary amine, a central ketone, and two phenyl rings (38). This 
arrangement allows the molecule to adopt multiple conformations, 
mimicking the opioid pharmacophore necessary for potent μ-opioid 
receptor binding (38). The compound has a single chiral center, 
yielding two enantiomers: R-methadone (levomethadone), responsible 
for classical opioid effects, and S- methadone (dextromethadone), 
which is primarily an NMDA receptor antagonist with limited opioid 
activity (38).Pharmacologically, methadone stands out with its high 
oral bioavailability (41–99%), extensive protein binding (>90%), and 
a variable half-life that can extend up to 190 hours in some individuals 
(8). Metabolism is chiefly through hepatic CYP (Cytochrome P450) 
enzymes—especially CYP3A4, CYP2B6, and CYP2D6— which, 
through genetic polymorphism, create marked individual differences 
in drug levels and effects, driving the need for precision dosing and 
the application of pharmacogenetic testing (8). From a clinical 
innovation standpoint, advances have included stereoselective and 
“green chemistry” synthesis (39), the development of enantiomer-pure 
drugs for improved safety, and evolving protocols for OUD and pain 
therapy. Methadone’s NMDA antagonism and low propensity for 
opioid tolerance broaden its applications and inspire research into new 
derivatives for pain and psychiatry (40). 
 
Structural Chemistry and SAR: Methadone’s pharmacological role 
is closely related to its structure-activity relationship (SAR). The two 
phenyl rings and the dimethylamino side chain facilitate alignment for 
MOR binding, while the central ketone gives conformational 
flexibility. SAR studies highlight that the R-enantiomer is significantly 
more potent at MOR due to optimal stereoelectronic fit, while the S-
enantiomer primarily interacts with NMDA receptors, holding 
potential as a non- addictive analgesic and antidepressant agent (41). 
Methadone shows its pharmacological action primarily through potent 
agonism at the μ-opioid receptor (MOR), producing analgesia and 
respiratory depression. Its high intrinsic efficacy at MOR suppresses 
opioid cravings and withdrawal in individuals with opioid dependence 
(37). Modern synthetic approaches emphasize stereoselective 
synthesis and green chemistry to optimize enantiomeric purity, reduce 
waste, and improve scalability. Such synthetic innovations have made 
methadone not only a clinical staple but also a valuable template in 
medicinal chemistry discovery (39). 

 
Figure 9. Chemical Structure of Methadone 

 
 
Synthesis of Methadone 

 

 
Figure. 10 Synthesis of Methadone 

 
Pharmacokinetics: Methadone’s physicochemical properties—high 
lipophilicity and protein binding—aid in its broad tissue distribution 
and decrease detoxification rates, which contribute to stable plasma 
concentrations during maintenance therapy (8). Its elimination half-
life is highly variable, requiring slow and careful titration to avoid 
accidental toxicity, with most elimination occurring via hepatic 
metabolism and subsequent urinary and fecal excretion (8). 

Dosage and Therapeutic Use: Initiation for OUD typically begins at 
20–30 mg/day orally, with maintenance usually at 60– 120 mg/day 
and doses adjusted based on withdrawal symptom control and the risk 
of toxicity (45). Chronic pain treatment starts at lower doses, often 
2.5–10 mg every 8–12 hours, and is titrated according to patient needs 
(45). Clinical guidance increasingly recommends pharmacogenetic 
screening for CYP variants to optimize safety and efficacy (46). 
 
Adverse Effects: Common side effects of methadone include 
constipation, sedation, and sweating; serious risks comprise 
respiratory depression, QT interval prolongation and torsades de 
pointes (47). Hepatic monitoring is warranted, particularly in patients 
at risk of liver dysfunction (48). 
 
 
Clinical Innovation and Future Directions: Research continues to 
focus on refining enantiomer-selective therapies, creating more 
environmentally sustainable production processes, and leveraging 
pharmacogenomics to improve clinical safety. Methadone’s NMDA 
antagonism is being exploited for novel indications, including mood 
disorders and complex pain syndromes (8). The horizon for 
methadone thus links molecular innovation, clinical flexibility, and 
personalized medicine. Buprenorphine and Methadone: Global 
Burden, Comparative Efficacy, Safety and Pharmacokinetics 
 
Global Burden and Socioeconomic Impact: According to the WHO 
(World Health Organization), more than 16 million people globally 
suffer from OUD, with North America reporting the highest 
prevalence of overdose deaths (13). In 2022, more than 80,000 
opioid-related fatalities were recorded in the United States alone, 
highlighting the crisis severity (59). Despite the availability of 
medications, around 90% of individuals do not receive the treatment 
(15). 
 
Comparative Efficacy of Methadone and Buprenorphine 
 
 Clinical Outcomes: Buprenorphine’s partial agonist activity and 

ceiling effect on respiratory depression confer safety advantages 
in outpatient settings, whereas methadone, with its full agonist 
profile, provides stronger retention but requires intensive 
supervision (11). 

 Special Populations: Pregnant women on buprenorphine show 
lower incidence of neonatal abstinence syndrome compared to 
methadone, while adolescents and patients with psychiatric 
comorbidities also appear to benefit from buprenorphine’s mood-
stabilizing properties (2). 

 
Safety Profiles and Adverse Effects 
 
 Buprenorphine: Its ceiling effect reduces overdose risk, but 

challenges include precipitated withdrawal when administered 
too soon after full agonists, potential diversion (6, 22) 
Norbuprenorphine, its active metabolite, has limited central 
nervous system penetration, further reducing overdose potential 
(14). 

 Methadone: High variability in half-life, absence of a ceiling 
effect, and full µ- agonism increase overdose risk, particularly in 
the induction phase (18). Methadone is also strongly associated 
with QTc prolongation, with up to 15% of patients showing 
prolongation (47). 

 Comparative Mortality: Buprenorphine is associated with 
lower rates of mortality as compared to methadone even in 
pregnant women (60). 

 
Conclusion and Future Innovations 
  
This review highlights the pivotal role of buprenorphine and methadone 
in the management of opioid use disorder (OUD) and chronic pain, 
emphasizing their pharmacological uniqueness, clinical applications, 
and ongoing innovations. Both agents remain central to evidence-
based treatment strategies, yet their differences in efficacy, safety, and 
pharmacokinetics allow for individualized patient care. 
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Buprenorphine’s partial agonism and ceiling effect on respiratory 
depression make it a safer option in outpatient and high- risk 
populations, while methadone’s full agonist activity provides strong 
retention benefits but requires careful monitoring due to variability in 
metabolism and cardiotoxic risks. Beyond their established clinical 
roles, recent advances in structural chemistry, stereoselective 
synthesis, and pharmacogenomic insights have reshaped the 
therapeutic landscape, paving the way for more precise and patient-
centered interventions. Innovations such as micro-induction protocols, 
depot injections, and transdermal systems demonstrate progress 
toward reducing induction challenges, improving adherence, and 
limiting diversion. The integration of complementary approaches, 
including herbal agents like crocin and digital health support, further 
expands the potential for holistic and sustainable care models. At a 
public health level, the burden of OUD remains profound, with rising 
overdose deaths and significant socioeconomic costs underscoring the 
urgency of expanding access to these therapies. Global disparities in 
treatment availability highlight the need for policy reforms, education, 
and broader implementation of opioid agonist therapies. Future 
directions demand pharmacogenomic-guided methadone dosing to 
reduce cardiotoxicity, and the expansion of depot or extended-release 
buprenorphine to enhance adherence. Emerging evidence also 
supports micro-dosing induction protocols that prevent precipitated 
withdrawal and facilitate smoother transitions from full agonists. The 
integration of digital adherence monitoring, abuse-deterrent 
formulations, and telehealth-based supervision promises a scalable, 
patient-centered approach to MAT. 
  
At the molecular level, structural chemistry advancements—including 
isotopic substitution, C21-fluorination, and orvinol antagonists—offer 
potential for safer, bias- selective opioid ligands. Concurrently, green 
synthesis and enantiomeric purification of methadone contribute to 
more sustainable and precise pharmacotherapy. Holistic strategies are 
gaining ground, merging pharmacotherapy with psychosocial 
counseling, mindfulness, and herbal adjuvants such as crocin, which 
may alleviate withdrawal-related oxidative and inflammatory stress. 
Such integrative models emphasize the biopsychosocial nature of 
addiction, promoting recovery beyond mere abstinence. From a public 
health standpoint, equitable access remains a critical challenge—only 
a fraction of those affected by OUD receive MAT globally. 
Expanding harm-reduction policies, reducing regulatory barriers, and 
destigmatizing opioid agonist therapy are essential. In conclusion, 
buprenorphine and methadone represent more than substitution 
therapies— they are dynamic pillars of modern addiction medicine. 
Their continued refinement through pharmacological, genetic, and 
digital innovation holds promise for a future where OUD management 
is safer, more equitable, and deeply personalized. This paradigm 
shift— from crisis management to recovery-oriented care—marks a 
significant step toward mitigating the global opioid epidemic. 
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