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Obesity has become a major determinant of outcomes across solid organ transplantation. Beyond its well-recognized metabolic and cardiovascular burden, obesity profoundly affects both immune regulation and the pharmacology of immunosuppressive therapy. Experimental evidence has established adipose tissue as an active immune organ that promotes low-grade inflammation through leptin, TNF-α, and IL-6, thereby altering alloimmune responses and impairing graft tolerance. Clinically, obesity is associated with increased surgical complications, delayed graft function, and reduced survival after kidney, liver, and thoracic organ transplantation. In parallel, obesity modifies drug disposition at every pharmacokinetic step, expanding the distribution volume for lipophilic agents such as calcineurin and mTOR inhibitors, altering CYP3A metabolism, and increasing interindividual variability in exposure. Consequently, both underexposure and toxicity remain frequent, underscoring the need for individualized therapeutic strategies. Current evidence supports the integration of therapeutic drug monitoring, pharmacogenomics, and biomarker-based approaches to refine immunosuppression intensity. This review summarizes experimental and clinical data linking obesity-induced inflammation with altered immunosuppressive pharmacology and proposes a framework for precision immunosuppression that balances efficacy, nephroprotection, and metabolic safety. Tailoring therapy to the specific immunometabolic profile of obese recipients may thus transform a major clinical challenge into an opportunity for precision transplant medicine.
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INTRODUCTION
The prevalence of obesity among solid organ transplant recipients has risen steadily over recent decades in parallel to global population trends [1, 2]. Registry analyses indicate higher mean BMI at the time of listing and transplantation nowadays when compared with historical cohorts [3–5]. This epidemiological shift has major clinical implications, as obesity is associated with increased perioperative risk, altered pharmacokinetics of immunosuppressive agents, and long-term metabolic complications that can compromise graft function [6–8]. Obesity has therefore transitioned from a secondary comorbidity to a primary determinant of transplant outcomes, underscoring the need for risk-adapted recipient selection, perioperative management, and individualized immunosuppressive strategies [9, 10]. This narrative review aims to provide an integrated overview of obesity-related immunological and pharmacokinetic alterations in transplantation, and to define a framework for individualized immunosuppressive strategies in obese recipients.
CLINICAL GRAFT OUTCOME IN OBESE RECIPIENTS
Kidney
Kidney transplantation is consistently associated with poorer outcomes in obese recipients. Large registry analyses demonstrate that severe obesity independently impairs graft and patient survival [4, 11]. Meta-analyses confirm that obesity increases the incidence of delayed graft function, surgical complications, and even mortality [7, 12]. Recent multicenter data suggest that these risks persist despite advances in immunosuppressive protocols and perioperative care [13, 14]. Histopathological evidence links obesity with renal microvascular injury and chronic inflammatory graft infiltration, as described in obesity-related glomerulopathy with glomerulomegaly, mesangial expansion, focal segmental glomerulosclerosis, interstitial fibrosis and immune cell infiltration [15, 16].
Liver
Obesity may have negative implications on both candidacy and post-transplant outcomes in liver transplantation. Here, obese candidates often face higher surgical risk and comorbidity burdens, consecutively impacting listing eligibility [8, 17]. After transplantation, obesity is associated with increased rates of wound complications, prolonged hospital stays, and most importantly diminished survival [8, 18, 19]. Here, meta-analytic data confirm higher perioperative morbidity and long-term mortality in obese liver recipients [8, 19]. Of note, emerging evidence reveals sex-specific patterns in obesity-related liver transplant outcomes. For instance, female recipients with elevated BMI undergoing DCD liver transplantation are carrying a higher risk of early graft rejection [20], while among NASH-related hepatocellular carcinoma cases, women had significantly lower post-transplant mortality than men [21]. Hormonal milieu and metabolic derangements—especially in post-menopausal women—add further complexity to this dynamic processes [22].
Thoracic organs
Beyond liver and kidney transplantation, obesity is also impacting outcomes in the clinical context of thoracic organ transplantation. For heart transplantation, excess body weight has been associated with increased perioperative risk and inferior long-term survival, particularly due to the higher prevalence of cardiovascular and metabolic comorbidities in obese recipients [23]. Moreover, in a large cohort study, obese heart transplant recipients demonstrated a significantly higher risk of death, primary graft dysfunction, and any treated rejection [24].
In lung transplantation, accumulating evidence indicates that obesity is an independent predictor of adverse outcomes. Gries et al. demonstrated that obese recipients with idiopathic pulmonary fibrosis have a significantly increased 90-day mortality risk following bilateral lung transplantation [25]. Along the same lines, BMI has been shown to be a strong predictor of early mortality within the first 90 days post lung-transplant [26], while long-term follow-up revealed lower overall survival among overweight and obese recipients compared to their normal-weight counterparts [27].
Taken together, these observations highlight that the deleterious effects of obesity extend beyond abdominal organ transplantation and are particularly relevant in thoracic organs, where perioperative complications, impaired wound healing, and cardiopulmonary stress further aggravate the pre-existing risk profile of obese transplant recipients [2].
Perioperative considerations
Beyond organ-specific outcomes, obesity is also linked to relevant surgical and perioperative challenges that may influence early graft outcomes and, consequently, immunosuppressive management. Increased adipose tissue and altered anatomy are associated with increasing operative complexity, including prolonged procedure and ischemia times, as well as technical difficulties during vascular anastomosis [28]. From an anesthesiological perspective, obese recipients are at higher risk of perioperative respiratory complications and hemodynamic instability, further contributing to early postoperative vulnerability [29].
Wound-related complications still represent one of the most consistent findings across organ types, with obesity being strongly associated with higher rates of surgical site infections, wound dehiscence, and prolonged hospitalization [30]. In kidney transplantation, obesity is also an independent risk factor for delayed graft function, likely reflecting a combination of technical factors, ischemia–reperfusion injury, and underlying inflammatory alterations [7].
These perioperative factors have direct implications for early immunosuppressive management. On the one hand, increased rates of wound complications and infection may favor more cautious immunosuppressive exposure in the immediate postoperative phase. On the other hand, the higher risk of delayed graft function and obesity-related immune activation may require adequate immunosuppressive intensity to prevent early rejection. This clinical tension underscores the need for careful balancing of efficacy and safety, further calling for an individualized approach to immunosuppression in obese transplant recipients.
OBESITY PROMOTING INFLAMMATION
Experimental evidence
Seminal studies defined adipose tissue as an active immune organ rather than a passive energy reservoir [31, 32]. Here, tumor necrosis factor-α production from adipose tissue was first identified as a link between adiposity and systemic inflammation [33]. Furthermore, leptin, an adipocyte-derived hormone, was shown to regulate both metabolic and immune processes [34, 35]. Adipose tissue was subsequently recognized as a major source of interleukin-6, while adiponectin—an anti-inflammatory adipokine—was found to be reduced in obesity [36, 37]. Macrophage infiltration into adipose depots is a further key driver of the chronic low-grade inflammatory state characteristic of obesity [38, 39]. Recent reviews reinforce these findings, detailing the regulation of immunometabolism within adipose tissue [40] and highlighting macrophage recruitment dynamics in obesity-related adipose tissue inflammation [41].
Clinical evidence
Clinical studies confirm that obesity-induced inflammation is both measurable and clinically significant in the context of solid organ transplantation. Visceral adiposity is associated with increased immune activation and elevated systemic inflammatory markers compared to subcutaneous depots [42, 43]. In transplant recipients, obesity is accompanied by a pro-inflammatory state that directly contributes to poorer graft outcomes [9, 44]. Evidence from clinical kidney and liver transplantation confirms that the systemic inflammation characteristic of obesity is a major determinant of reduced graft survival [44]. These observations establish obesity-related inflammation as a key regulator linking obesity to inferior transplant outcomes [10, 32] (see Figure 1).
[image: Infographic illustrates how obesity-induced changes in visceral adipose tissue, including increased leptin, TNF-alpha, and IL-6, lead to immunological dysregulation, M1 polarization, increased Th17, reduced Treg, and activated NK cells, resulting in graft rejection, systemic inflammation, impaired wound healing, and metabolic complications.]FIGURE 1 | Obesity-associated immunological dysregulation relevant to solid organ transplantation. Schematic representation of the pro-inflammatory milieu induced by visceral adiposity, characterized by increased leptin, TNF-α, and IL-6 levels, reduced adiponectin, and macrophage M1 polarization. Obesity promotes natural killer cell activation, systemic inflammation, impaired wound healing, and metabolic complications. These alterations converge to amplify alloreactivity and increase the risk of graft rejection, thereby linking adipose-driven immune dysregulation with inferior transplant outcomes.IMMUNOSUPPRESSION AND OBESITY
Obesity has profound impact on the pharmacokinetics and pharmacodynamics of immunosuppressive drugs. Here, alterations may occur at virtually every step of drug disposition: absorption, distribution, metabolism, and clearance [45, 46]. Increased adipose mass and lean body mass expand the volume of distribution for lipophilic agents, while hepatic steatosis and comorbid metabolic syndrome may impair drug metabolism [47]. Moreover, renal hyperfiltration in obesity alters the clearance of renally excreted metabolites [48]. These metabolic-driven changes translate into significant variability in drug exposure, complicating therapeutic drug monitoring and raising the risk of both rejection and toxicity [49, 50] (see Figure 2).
[image: Infographic summarizing how obesity, through increased adipose tissue mass, altered CYP3A, augmented inflammation, and variable clearance, affects immunosuppressive drug classes; highlights each class's advantages and obesity-related limitations, including calcineurin inhibitors, mTOR inhibitors, mycophenolate mofetil, glucocorticoids, and belatacept.]FIGURE 2 | Impact of obesity on pharmacokinetics and clinical performance of major immunosuppressive drug classes. Overview of how increased adipose mass, altered CYP3A activity, and inflammation modulate drug disposition in obese recipients. Calcineurin inhibitors exhibit expanded volume of distribution, unreliable trough levels, and enhanced nephrotoxicity with weight-based dosing. mTOR inhibitors demonstrate variable exposure, prolonged half-life, and increased metabolic toxicity. Mycophenolate mofetil shows reduced MPA exposure in heavier patients, while glucocorticoids exacerbate metabolic risk with limited obesity-specific PK data. Belatacept, administered as fixed dosing, may display altered clearance and reduced efficacy in obesity. Together, these obesity-driven changes underscore the need for individualized dosing and careful therapeutic monitoring.Calcineurin inhibitors (tacrolimus and cyclosporine)
Calcineurin inhibitors remain the cornerstone of most immunosuppressive regimens. Both tacrolimus and cyclosporine are highly lipophilic, extensively protein-bound, and metabolized by CYP3A enzymes, thus making them highly susceptible to obesity-related alterations [45, 46]. Obesity increases the apparent volume of distribution, while trough concentrations do not reliably reflect systemic exposure [51]. Tacrolimus in particular shows reduced predictability of trough levels in obese recipients, therefore complicating standard monitoring approaches [49, 52]. Cyclosporine clearance and distribution were already shown decades ago to be significantly altered by obesity [53]. Clinically, these pharmacokinetic changes translate into an increased risk of overexposure and nephrotoxicity. When using conventional weight-based dosing, whereas fixed or capped dosing strategies may reduce toxicity, but require close monitoring to avoid underexposure in fast metabolizers [54]. Further data suggest that full-dose CNI regimens in obese recipients are disproportionately nephrotoxic [51]. Consequently, minimization strategies and individualized monitoring are highly recommended [55]. Current practice increasingly favors fixed dosing with careful monitoring, rather than strict weight-based dosing, to avoid systematic overdosing in obese patients [49].
Mechanistic target of rapamycin (mTOR) inhibitors (sirolimus and everolimus)
Inhibitors of mTOR are also highly lipophilic and demonstrate significantly altered pharmacokinetics in obesity [56, 57]. In detail, sirolimus has a prolonged half-life and greater distribution in obese recipients, increasing the risk of cumulative toxicity [58]. Everolimus, though shorter-acting, has been associated with increased metabolic complications in obese recipients, particularly dyslipidemia and post-transplant diabetes [59, 60]. These metabolic toxicities align with the pro-inflammatory and insulin-resistant milieu of obesity, thus finally compounding the cardiovascular risk [59].
While mTOR inhibitors facilitate CNI minimization, advantageous for nephrotoxicity-prone obese patients, their potential to worsen dyslipidemia and insulin resistance may offset these benefits, particularly in metabolically fragile individuals [55]. Recent registry analyses further support this concept: in an SRTR cohort, regimens combining mTOR inhibitors with tacrolimus were associated with reduced acute rejection rates in obese kidney transplant recipients, suggesting tailored benefits in this subgroup [61]. In contrast, combinations of mTOR inhibitors with mycophenolate mofetil have consistently been associated with inferior efficacy and increased toxicity, and are therefore neither recommended in obese recipients nor in the general transplant population [61]. Clinical application therefore requires judicious patient selection and close metabolic monitoring [62]. Fixed dosing strategies with trough-level adjustment remain standard, but variability in obese recipients suggests that more refined AUC-based or model-informed precision dosing could improve safety [63].
Mycophenolate mofetil (MMF)
As a hydrophilic prodrug converted to mycophenolic acid (MPA), MMF demonstrates high interindividual variability in exposure [64]. Body weight has been identified as a major determinant of exposure variability: data from the OPTICEPT trial showed that heavier kidney transplant recipients had significantly lower MPA area under the curve (AUC) per mg dose compared with lighter patients, despite identical dosing regimen [65]. A systematic evaluation of clinical practice confirmed that individualized dosing based on therapeutic drug monitoring (TDM) can optimize exposure in patients with high pharmacokinetic variability, including those with obesity [50]. Clinically, suboptimal MMF exposure in obese recipients can contribute to breakthrough rejection, while overdosing increases the risk of leukopenia and gastrointestinal toxicity [66]. Because MMF is typically applied with fixed dosing, obesity poses challenges in predicting systemic exposure. This makes TDM of MMF particularly valuable in obese transplant recipients [67]. Unfortunately, routine AUC monitoring is rarely implemented outside specialized centers, representing an unmet need in current practice. A prospective multicenter study confirmed that individualized AUC-based MMF dosing significantly improves clinical outcomes after renal transplantation [68].
Glucocorticoids
Steroids still remain a backbone of induction and maintenance therapy, though their utilization has declined due to their well-known metabolic side effects [69, 70]. Obesity modifies glucocorticoid metabolism, leading to altered efficacy and increased risk of complications such as weight gain, diabetes, and cardiovascular disease [71, 72]. Evidence for steroid minimization or withdrawal in obese recipients suggests potential benefits in reducing metabolic complications, but these strategies carry an increased risk of graft rejection [69, 70]. While steroid minimization or withdrawal strategies are often pursued to mitigate the well-documented metabolic adverse effects of glucocorticoids, increasing evidence suggests that obesity and post-transplant weight gain may still occur independently of steroid exposure. For example, in a cohort of kidney transplant recipients managed with steroid avoidance, Elster et al. reported significant weight gain despite the absence of maintenance glucocorticoids [73]. These findings indicate that although glucocorticoids are a major driver of post-transplant metabolic complications, additional mechanisms—including pre-existing obesity, immunosuppressive drug classes such as CNIs or mTOR inhibitors, and lifestyle factors—may substantially contribute to post-transplant adiposity. Pharmacokinetic data on steroids in obese transplant recipients are sparse, thus reflecting a critical gap of knowledge [69]. Unlike for CNIs and mTOR inhibitors, systematic obesity-stratified pharmacological studies of glucocorticoids are virtually absent, leaving dosing largely empirical [74]. Given their profound impact on the individual patients’ metabolic risk, more focused studies are needed to optimize steroid use in obesity [71].
Belatacept (CTLA4-Ig)
Belatacept, a fusion protein targeting the costimulatory ligands CD80/86, is offering an appealing alternative to CNIs [75]. Unlike small molecules, it is administered at fixed intravenous doses, largely independent of body weight [76]. Importantly, efficacy of belatacept has been demonstrated in kidney transplant recipients, including those with obesity, with a significant lower risk of nephrotoxicity compared to CNIs [77]. However, recent pharmacokinetic data indicate altered clearance in obese patients, thus raising the possibility of under- or overexposure with fixed dosing [78].
In addition, emerging evidence has raised concerns regarding the efficacy of belatacept specifically in obese recipients. A pooled analysis of the BENEFIT and BENEFIT-EXT trials demonstrated that obesity was independently associated with a higher incidence of acute rejection in belatacept-treated patients [79]. This observation suggests that obesity-related factors—potentially including altered pharmacokinetics, increased clearance, or distinct immune mechanisms—may attenuate the protective effect of belatacept. Consequently, while belatacept remains a valuable option for selected obese recipients due to its favorable metabolic and renal profile, its utilization must be carefully balanced against the risk of post-transplant lymphoproliferative disorder, the need for intravenous administration, and foremost the possibility of reduced efficacy in obese patients.
THERAPEUTIC DRUG MONITORING AND TAILORING STRATEGIES
As already discussed for the individual immunosuppressive agents, therapeutic drug monitoring (TDM) is indispensable in obese transplant recipients, but conventional trough-level monitoring may be unreliable due to obesity-related changes and disturbances. In detail, trough concentrations of tacrolimus do not consistently predict overall exposure [51, 54], and similar limitations have been reported for cyclosporine [46]. This mismatch thus raises the risk of relevant therapeutic misclassification in patients with obesity. Here, limited-sampling approaches and Bayesian AUC estimation may pave the way towards more accurate dosing strategies by providing better correlation with exposure. However, these techniques remain underutilized in current routine care [80]. Along the same lines, AUC-based monitoring correlates more closely with outcomes than fixed dosing for MMF, as shown in a multicenter trial where individualized exposure significantly improved patient outcomes [68]. Another important aspect of tailoring is the choice between weight-based and fixed-dose regimens. Weight-based dosing often leads to overexposure in obese patients, particularly for CNIs and mTOR inhibitors [49, 51]. Therefore, fixed dosing with close monitoring appears safer but is still associated with the potential risk of impaired efficacy. Although desperately needed, no consensus guidelines currently exist [45]. When striving out for concepts beyond pharmacokinetics, biomarker-based strategies may further help to refine immunosuppression intensity. Here, donor-specific antibody monitoring, immune cell functional assays (such as IFN-γ ELISPOT), and transcriptomic signatures have demonstrated additional prognostic value [81]. Therefore, integration of TDM with biomarker-based tools might represent the next level in precision transplant pharmacology [82].
CROSS-CLASS COMPARISON
When comparing drug classes, the individual profile of each immunosuppressive agent reveals both obesity-specific strengths and limitations. While still representing the gold standard of immunosuppression in the global population, CNIs remain highly effective in obese transplant recipients, but their use in this particular patient subgroup is complicated by pharmacokinetic variability, nephrotoxicity, and the limited reliability of trough levels; moreover, tacrolimus in particular confers a substantially increased risk of post-transplant diabetes, a complication of major concern in this population [45, 46]. Here, mTOR inhibitors provide an alternative to CNIs and allow for minimization strategies but frequently exacerbate dyslipidemia and insulin resistance, thereby worsening metabolic syndrome in obese recipients [60, 61, 83]. Mycophenolate mofetil is generally well tolerated but may exhibit exposure variability that may be even altered by obesity [50, 64]. Glucocorticoids remain the most problematic class, as their adverse metabolic effects directly overlap with the obesity phenotype, although systematic obesity-specific pharmacokinetic data are lacking [70, 71]. Of note, belatacept has emerged as an attractive therapeutic option because of its nephroprotective properties, fixed intravenous dosing, and absence of metabolic toxicity [77, 78, 84]. However, recent evidence indicates that obese recipients treated with belatacept may experience a higher incidence of acute rejection, highlighting the need for careful patient selection and close immunological monitoring [79].
Taken together, these cross-class comparisons underscore that none of the presented immunosuppressive agents provides an ideal single solution for obese graft recipients. Yet, a rational, tailored combination—balancing efficacy, nephroprotection, and metabolic safety—may offer the opportunity to optimize clinical outcomes. Framing immunosuppression within an individualized, obesity-aware therapeutic strategy may thus transform the apparent challenge into an opportunity for precision medicine in transplantation.
PRECISION MEDICINE IN OBESE TRANSPLANT RECIPIENTS
Since no single immunosuppressive agent provides an ideal solution for obese transplant recipients, this obvious limitation should rather serve as the starting point for future precision approaches.
In detail, pharmacogenomic testing, most notably CYP3A5 genotyping for tacrolimus, may represent another tangible strategy for individualized dosing. Growing evidence supports its value in optimizing initial dosing, although robust outcome data in obese patient cohorts remain scarce [85–87]. In addition, advances in biomarker-based monitoring—including donor-derived cell-free DNA, microRNAs, chemokine panels, and gene expression profiling—offer further noninvasive tools for dynamic immunological risk assessment [88, 89]. The Barcelona Consensus already recommended integrating biomarkers into clinical immunosuppressive drug management, while acknowledging that most assays still remain under evaluation and are not yet ready for broad implementation [90].
Beyond pharmacogenomic profiling and pharmacokinetic monitoring, biomarker-based approaches are increasingly being explored to refine immunological risk assessment. Here, donor-derived cell-free DNA (dd-cfDNA) is currently the most advanced tool in this context and has already shown good performance for the detection of allograft injury, particularly antibody-mediated rejection, although its specificity remains limited, as elevated levels may also occur in the setting of infection or non-immune injury [89, 91].
Other platforms, including circulating microRNAs, chemokine panels, and gene expression profiling, provide complementary insights into immune activation and graft injury. Among these approaches, dd-cfDNA is currently the most clinically advanced and widely implemented one, whereas transcriptomic platforms are gaining increasing traction in selected settings. In contrast, microRNAs and chemokine-based assays remain largely investigational, with limited availability in routine clinical practice. While these approaches have shown promising diagnostic accuracy in selected settings, their clinical implementation is still limited by the lack of standardized assays and consistent validation across centers [88, 89]. Transcriptomic strategies, in particular, are increasingly incorporated into clinical algorithms, especially in heart and kidney transplantation, but their broader applicability remains under evaluation [82, 89].
Despite these advances, several barriers continue to limit the routine use of biomarker-based monitoring, including costs, limited availability outside specialized centers, and inter-variability between platforms with respect to thresholds and analytical performance [89]. Of critical relevance, prospective data demonstrating a clear impact on clinical outcomes are still scarce.
Importantly, data on biomarker performance in obese transplant recipients are largely lacking. Given that obesity is associated with chronic low-grade inflammation, altered immune cell function, and a high burden of metabolic comorbidities, biomarker readouts may be more difficult to interpret in this population [92]. This represents a relevant knowledge gap and highlights the need for further studies specifically addressing biomarker-guided immunosuppression across different metabolic phenotypes. In this context, obesity may represent a clinically relevant stress model to test and refine biomarker-driven precision immunosuppression strategies.
Of note, real-world analyses have already begun to address obese populations specifically: a propensity-matched study in kidney transplantation demonstrated that immunosuppressive protocol choice significantly influences outcomes in obese recipients, supporting the concept of tailored immunsuppressive approaches [61].
From this perspective, obesity should not only be regarded as a potentially deleterious patient´s variable but rather as an ideal clinical scenario for the implementation of precision medicine in clinical transplantation. Here, integrating TDM, pharmacogenomics, and validated biomarkers with detailed phenotyping and computational modeling may truly enable individualized immunosuppressive regimens although further prospective validation will be crucial (see Figure 3).
[image: Diagram showing an integrated precision immunosuppression algorithm in obesity, receiving inputs from biomarkers, therapeutic drug monitoring, pharmacogenomics, and clinical phenotyping or AI modeling, and leading to improved efficacy, reduced toxicity, and better metabolic control.]FIGURE 3 | Precision immunosuppression framework for obese transplant recipients. Integrated model combining clinical phenotyping, metabolic and adipose-tissue profiling, pharmacogenomics (e.g., CYP3A5 variants), biomarker-based immunomonitoring (dd-cfDNA, microRNAs, cytokine panels), and therapeutic drug monitoring using AUC-based or Bayesian approaches. This multidimensional algorithm aims to optimize immunosuppressive exposure, reduce toxicity, stabilize graft function, and improve metabolic outcomes, outlining a precision-medicine strategy tailored to the obese transplant population.Building on these concepts, a pragmatic framework for individualized immunosuppressive management in obese transplant recipients can be proposed. While high-quality prospective data are lacking, several principles emerge from available pharmacokinetic and clinical evidence. A concise overview of key drug-specific considerations is summarized in Table 1. In general, fixed or capped dosing strategies may be preferable to total body weight-based approaches for lipophilic agents such as calcineurin inhibitors, in order to reduce the risk of overexposure and toxicity. Early and repeated therapeutic drug monitoring, ideally incorporating AUC-based approaches where feasible, appears particularly important in this population, especially for agents such as tacrolimus and mycophenolate.
TABLE 1 | Immunosuppressive drug class considerations in obese transplant recipients.	Drug class	Key considerations in obesity	Practical approach
	Calcineurin inhibitors	Variable pharmacokinetics; risk of overexposure with weight-based dosing; nephrotoxicity	Prefer fixed or capped dosing; early and repeated therapeutic drug monitoring
	mTOR inhibitors	Dyslipidemia, insulin resistance; impaired wound healing	Careful patient selection; close metabolic monitoring
	Mycophenolate mofetil	Reduced exposure in higher body weight	Consider AUC-guided dosing where feasible
	Glucocorticoids	Enhanced metabolic impairment	Early minimization depending on the immunological risk profile
	Belatacept	Favorable metabolic profile; limited data in obesity	Consider in selected patients at high risk of calcineurin inhibitor toxicity


Drug class selection should be primarily considered based on the metabolic and clinical profile of the individual patient. In detail, calcineurin inhibitor minimization strategies may be considered in individuals at high risk of nephrotoxicity, whereas mTOR inhibitors require caution in patients with pre-existing dyslipidemia or impaired wound healing. Mycophenolate exposure may be reduced in obese recipients, supporting the use of exposure-guided dosing strategies. In selected cases, belatacept-based regimens may offer a metabolically favorable alternative, although data in obese populations remain limited.
Importantly, these considerations should not be interpreted as prescriptive recommendations but rather as a conceptual framework to support individualized decision-making. Integration of pharmacokinetic monitoring, emerging biomarkers, and clinical phenotyping is likely essential to optimize the balance between rejection and toxicity in this complex patient population.
In addition to immunosuppressive tailoring, adjunctive management of obesity-related metabolic risk is becoming increasingly relevant in transplant recipients. Emerging evidence suggests that glucagon-like peptide-1 receptor agonists (GLP-1RAs) and sodium–glucose cotransporter-2 inhibitors (SGLT2 inhibitors) may improve body weight, glycemic control, and cardiovascular risk profiles in selected transplant populations, particularly after kidney transplantation [93, 94]. Available studies further indicate an overall favorable safety profile, with no consistent evidence for clinically relevant interactions with standard immunosuppressive agents, although gastrointestinal intolerance with GLP-1RAs and genitourinary infections with SGLT2 inhibitors remain important considerations [93, 94].
Yet, the underlying evidence is still largely observational, and transplant-specific prospective data remain limited [93–95]. These agents should therefore be viewed as promising adjuncts within a multidisciplinary metabolic strategy rather than as established components of immunosuppressive management.
KNOWLEDGE GAPS, FUTURE DIRECTIONS AND CONCLUSION
Despite a growing body of evidence, important gaps of knowledge continue to limit the development of evidence-based strategies for obese transplant recipients. Most pharmacokinetic studies remain small and retrospective [47, 49, 51], and only few trials prespecify obesity as a stratification variable, thus leaving uncertainty about optimal dosing [5, 11]. Especially steroids are understudied in this vulnerable population [69, 70], and current data rarely integrate obesity-driven inflammation, pharmacokinetic variability, and clinical outcomes within the same cohorts [82]. Large datasets seldom include detailed body composition or metabolic phenotyping [43], and mechanistic insights such as histopathological correlates are only rarely linked with pharmacological and clinical data [15].
A major limitation in current practice is the reliance on body mass index as the primary measure of obesity. Additional metrics such as waist-to-hip ratio, visceral fat quantification, and CT-based skeletal muscle index provide a more refined assessment of metabolic and immunological risk and may better identify high-risk phenotypes such as sarcopenic obesity. BMI does not reflect body composition or fat distribution and therefore provides only a limited estimate of metabolic risk. In this context, visceral adiposity and ectopic fat appear to be more closely linked to metabolic and inflammatory complications than overall body weight. Similarly, sarcopenic obesity—defined by the coexistence of excess adiposity and reduced muscle mass—has been associated with frailty and poorer post-transplant outcomes [96].
Imaging-based approaches, particularly computed tomography-based assessment of skeletal muscle mass, as well as functional measures of body composition, may allow for a more accurate characterization of metabolic risk. Integrating these parameters into clinical studies and transplant registries could improve risk stratification and help refining immunosuppressive strategies according to individual metabolic risk profiles [96].
Nevertheless, these challenges outline a clear roadmap for future research. Obesity-stratified randomized controlled trials, adequately powered pharmacokinetic/pharmacodynamic studies, and systematic evaluation of AUC-based monitoring will be essential [68, 80]. Advances in model-informed precision dosing, pharmacogenomics, and biomarker-guided immunomonitoring offer unprecedented opportunities towards individualized immunosuppressive therapy [82, 97]. Integrating these tools with detailed phenotyping and computational prediction models may help to transform the current limitations into actionable strategies [97].
In summary, obesity consistently emerges as a risk factor for inferior graft outcomes, higher perioperative morbidity, and increased metabolic complications across solid organ transplantation [7, 8]. By understanding the complex interplay of obesity-induced inflammation, pharmacokinetic variability, and immunological risk [33, 38], clinicians will have to move beyond “one-size-fits-all” approaches. Here, tailoring immunosuppression through therapeutic drug monitoring, biomarker-guided adjustments, and precision dosing algorithms holds the promise of improving long-term graft survival and patient wellbeing in this high-risk population [66, 68, 82, 97]. From this perspective, obesity should not only be regarded as a clinical challenge but as an ideal context for precision medicine, where individualized strategies can turn risk into opportunity.
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