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White to Beige Transition and DPP-4: A New Way to Consider Treating Obesity


ABSTRACT

Obesity continues to be a significant global health issue associated with type 2 diabetes, cardiovascular disease, and fatty liver disease. Typically, conventional weight management strategies, such as dietary, exercise, and pharmacotherapy, often fail to produce meaningful long-term results due to an adaptive form of resistance to weight loss. The recently identified plasticity of adipose tissue in the treatment of obesity presents an exciting paradigm, including the browning of classic white adipose tissue (WAT) and its energy-dissipating beige adipocytes. Dipeptidyl peptidase-4 (DPP-4) is a type of enzyme primarily known for glucose metabolism due to its degradation of incretins; however, DPP-4 has an unknown role in adipose biology. Beyond enzymatically cleaving peptides like the glucagon-like peptide-1 (GLP-1), neuropeptide Y (NPY), and peptide YY (PYY), DPP-4 acts as a signaling scaffold for pathways associated with thermogenesis, inflammation, and cellular senescence. Numerous preclinical findings demonstrate the ability of DPP-4 inhibition to increase markers of browning, improve insulin sensitivity, and reprogram WAT to an anti-inflammatory and thermogenic phenotype. Clinical evidence is more modest, often focusing on glycemic outcomes instead of examining adipose remodeling resulting from DPP-4 inhibition. The objectives of this review will summarize the existing mechanistic basis linking DPP-4 to adipose browning and will further examine the therapeutic implications of inhibiting DPP-4 in the context of obesity, including translation issues, and optimized pharmacological strategies and rational combination therapies.

INTRODUCTION

Obesity has become a global health epidemic. A staggering 650 million adults worldwide are obese and its role in metabolic disorders, such as type 2 diabetes, cardiovascular disease, and fatty liver disease (WHO, 2021) is undeniable [1]. The evidence demonstrates that traditional weight-loss interventions, including diet, exercise, and pharmacotherapy, tend to yield limited long-term success, especially considering how the body tries to resist fat loss due to metabolic adaptations [2]. In part, this argument led researchers to shift their focus away from appetite and weight loss toward adipose tissue plasticity—a focus on whether metabolically active, energy-storing white adipose tissue (WAT) can turn in energy-burning brown and beige adipose tissue (BAT) or the "browning" of WAT. While the ability to manipulate energy expenditure not the intake of energy may dramatically shift how we treat obesity [3].

One potential but underutilized pathway is the dipeptidyl peptidase-4 (DPP-4), an enzyme mainly identified with glucose metabolism [4]. As a clinical target, DPP-4 inhibitors (sitagliptin, saxagliptin) are often used for the treatment of type 2 diabetes, by extending the activity of glucagon-like peptide-1 (GLP-1); a hormone that stimulates insulin secretion [5]. There are emerging data supporting that DPP-4 acts in adipose biology well beyond glucose metabolism. For example, DPP-4 not only cleaves GLP-1 but also peptids such as neuropeptide Y (NPY) and peptide YY (PYY), which inhibit thermogenesis. Inhibiting DPP-4 could lead to the accumulation of NPY and PYY, with the indirect promotion of sympathetic nervous system activation and beige fat [6,7].

What is of noted interest is how DPP-4 is greatly expressed in WAT but is lacking in BAT, suggesting a tissue specific regulatory role. In preclinical studies of rodents, DPP-4 inhibitors clearly promote markers of beige fat (e.g., UCP1, PRDM16) even without marked weight loss [8]. And, in humans, although observational studies of DPP-4 inhibitors found soft improvements in fat quality—e.g., greater radiodensity on imaging as a correlates of browning—these enhancements have been discarded as an endpoint in clinical trials on diabetes in favour of having glycemic endpoints of success in diabetes treatment such as HbA1c through adipose remodeling assessment [9].

The molecular mechanisms of how DPP-4 is linked to browning are still not completely understood. In addition to the cleavage of substrates, DPP-4 is further postulated to function as a signaling scaffold by binding proteins such as adenosine deaminase (ADA) to inhibit AMPK stimulating beige fat through action to sense cellular energy states [10]. DPP-4 inhibitors can also alter inflammation by shifting the phenotype of adipose-resident macrophages from pro-inflammatory (M1) to anti-inflammatory (M2), creating a thermogenic microenvironment. These effects attempt to designate DPP-4 as the master metabolic switch that would not only modulate fat storage, but also energy dissipation [11].

Nevertheless, important voids remain. The majority of DPP-4 inhibitor clinical trials do not include specific measures of adipose tissue function and the weight-neutral characterization of the drugs has distracted us from their potential metabolic effects [12]. Moreover, no previous review has systematically synthesized the evidence for DPP-4 in adipose browning or advanced ideas for enhancing DPP-4 inhibitors to promote adipose browning (e.g., combining DPP-4 inhibitors and β3-adrenergic agonists like mirabegron or cold exposure).

1. DPP-4 as a Metabolic Switch in Adipose Tissue

The plasticity of adipose tissue - or the capacity of adipocytes to convert between white adipocytes storing energy and brown/beige adipocytes dissipating energy - is now an important therapeutic target in metabolic disease [13]. Dipeptidyl peptidase-4 (DPP-4), traditionally the focus of study in the context of glucose homeostasis, has also recently emerged as an important modulator of adipose (fat tissue) plasticity [14]. In addition to cleaving incretins like GLP-1, DPP-4 regulates the biology of adipose tissue through expression pattern, substrate-dependent chemical signaling, and direct and indirect non-enzymatic actions on metabolic regulators [15]. In this section, we bring together the existing evidence demonstrating the role of DPP-4 in defining the fate of adipose tissue and acting as a molecular switch between lipid storage and thermogenesis.

1.1 DPP-4 Expression in Fat Depots: A Tissue-Specific Regulator

The role of DPP-4 appears to be related to its various expression levels across fat depots. White adipose tissue (WAT) has DPP-4 activity that is markedly higher than that of brown adipose tissue (BAT), implying that DPP-4 could function to suppress thermogenic potential and/or heat generation [16]. The role of DPP-4 expression could also be theorized by location of the fat depot as visceral WAT has higher DPP-4 secretion than subcutaneous WAT and visceral WAT has a much stronger relationship with metabolic dysfunction than subcutaneous WAT [17]. Two pertinent findings relate to weight loss and changes in circulating DPP-4. Weight loss lowers circulating DPP-4 concentrations suggesting that adipose tissue expansion increases DPP-4 secretion and enhances lipid storage [18]. We present these findings to justify the role of DPP-4 as a tissue-specific rheostat of adipose adaptation.

1.2 Enzymatic Functions: Cleaving Thermogenic and Anti-Thermogenic Signals

DPP-4's enzymatic activity far exceeds GLP-1 degradation to include a universe of peptides that regulate the fate of adipocytes either directly or indirectly [19]. DPP-4 proteolyzes neuropeptide Y (NPY) and peptide YY (PYY), neuroendocrine signals that inhibit activation of beige fat by the sympathetic nervous system. Therefore, DPP-4 directly inhibits the function of β-adrenergic signaling, which is a master regulator of UCP1-dependent thermogenesis when initiating activation of beige fat [20]. DPP-4 inhibition maintains a functionally intact GLP-1 that not only promotes insulin secretion but also promotes adipocyte browning through cAMP-PKA signaling pathways [21]. Additionally, DPP-4 cleavage of stromal cell-derived factor-1 (SDF-1) may also inhibit beige adipocyte precursor recruitment [22]. This unique specificity for substrates makes DPP-4 a strategic gatekeeper of adipose plasticity by balancing pro- and anti-thermogenic signals.

1.3 Non-Enzymatic Roles: Scaffolding and Signal Disruption

The metabolic effect of DPP-4 does not reside solely in a proteolytic context as a protease. The DPP-4 class is a multi-functional scaffold protein, and DPP-4 features as the central protein in a network of endocrine signalling proteins controlling adipocyte function [23]. One example of a clinically relevant mechanism includes binding to adenosine deaminase (ADA) which raises local concentrations of adenosine, which inhibits AMP-activated protein kinase (AMPK), a master regulator of mitochondrial biogenesis and beige adipogenesis [24]. DPP-4 also partners with caveolin-1, in adipocytes, impeding clustering of the insulin receptor, and establishing insulin resistance as an important clinical manifestation of dysfunctional WAT [25]. In addition to the insulin receptor, membrane-associated DPP-4 on the adipocyte, interacts with the mannose-6 phosphate/insulin-like growth factor-2 receptor (M6P/IGF2R) on MDM, polarising them to a pro-inflammatory M1 phenotype species, which does not help with browning DPP-4 [26]. These examples of non-catalytic functions of DPP-4 highlight its role as a signalling hub in the adipose tissue system, coordinating inputs to metabolic and immune systems.

1.4 Clinical Implications: From Mice to Humans

Although strong preclinical data has shown that DPP-4 inhibition produces browning in rodents, DPP-4 inhibitors have only been observed to have weak effects on body weight in clinical data [27]. There may be several plausible factors contributing to this discrepancy, including: first, most clinical trials have studied glycemic endpoints (i.e., decreases in HbA1c) instead of those specific to adipose tissue, and the doses of DPP-4 inhibitors normally prescribed may not produce direct alterations in fat tissue [28]. The practical effect of baseline DPP-4 activity in individuals with obesity and insulin resistance may also complicate treatment responses to DPP-4 inhibitors since baseline DPP-4 activity is likely highly variable and detracts from studies of DPP-4 inhibitors [29]. Future research will also need to include imaging (e.g., PET-CT) to determine BATs activity, and assess potential form of combination therapy using β3-adrenergic agonists (i.e., mirabegron) and DPP-4 inhibitors to determine if there are enhanced thermogenesis.

2. DPP-4 Inhibition and Browning: Mechanisms

DPP-4 inhibitors are of great interest as a potential metabolic treatment, both because they are intriguing and not well-studied, in terms of contributing to the white-to-beige adipose tissue conversion [30]. This section highlights the molecular and cellular basis that DPP-4 inhibition leads to browning, and synthesizes the current genetic, pharmacological and clinical evidence. The biological effects of DPP-4 inhibitors can be classified into three principle mechanistic areas: substrate-dependent modulation of neuroendocrine signaling, immune and metabolic inter-connectivity and senescence clearance [31]. Collectively, the three mechanisms contribute to a microenvironment suitable for thermogenic adipocyte recruitment and activation.

2.1 Substrate-Driven Sympathetic Activation

DPP-4 inhibition has significant implications for adipose tissue browning via its action in modulating key peptide substrates regulating sympathetic nervous system (SNS) activity [32]. DPP-4 acts primarily by cleaving off the N-terminal dipeptide from neuropeptide Y (NPY) and peptide YY (PYY), rendering truncated NPY and PYY peptides with enhanced binding affinity for Y2 receptors (Y2R) in adipose tissue [33]. By activating Y2R, a strong anti-th thermogenic effect is produced as Y2R activation inhibits the release of norepinephrine from the sympathetic nerve terminals indirectly innervating fat depots [34]. DPP-4 pharmacological or genetic inhibition allows for intact NPY/PYY peptides that preferentially activate Y1/Y5 receptors. This results in decreased Y2R-mediated inhibition of SNS outflow. This change allows for increased local norepinephrine to signal β3-adrenergic receptors on adipocytes and initiate browning-associated processes [35].

The β3-adrenergic signaling pathway is triggered through PKA-mediated phosphorylation of p38 MAPK. This leads to phosphorylation and activation of PPARγ coactivator-1α (PGC-1α), a transcriptional coactivator with critical importance to mitochondrial biogenesis [36]. Further, PGC-1α interacts with PR domain containing 16 (PRDM16) that modulates the expression of uncoupling protein 1 (encoded by UCP1) and other thermogenic genes. Strikingly, DPP-4 inhibition potentiates cold exposure in rodent models that led to an additive effect, producing a 2-to-3-fold increase UCP1+ beige adipocytes in the subcutaneous WAT depots [37].
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Figure 1: Illustration of DPP-4 activity inhibiting Fat Browning
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Figure 2: Illustration of DPP-4 inhibition promoting Fat Browning

2.2 Immune-Metabolic Reprogramming of Adipose Tissue

The microenvironment of adipose tissue undergoes substantial immunometabolic remodeling following DPP-4 inhibition [38]. DPP-4 is present on both adipocyte and ATM cell surfaces; as noted, it retains adenosine deaminase (ADA) and closely associates with mannose-6-phosphate receptors (M6PR). Each of these pathways can create a local milieu conducive to original pro-inflammatory states that work through M1 polarization and drive TNF-α production that functions to inhibit browning through paracrine signaling [39]. 

DPP-4 inhibition drove the phenotypic switch of ATM regardless of adipose depot, as evidenced by flow cytometry showing increases in ATMs tagged with CD206+ and conversely fewer ATMs tagged with CD11c+, supporting the role of DPP-4 inhibition in generalizing macrophage plasticity towards an anti-inflammatory (M2) phenotype [40]. Each mechanism for adipose depot phenotypic-switch started with 2 factors: (1) DPP-4 inhibition has reduced DPP-4 mediated ADA retention which reduced local adenosine. Decreasing local adenosine should alleviate the influence on AMPK inhibition; (2) DPP-4 inhibition reduced M6PR retention which also reduced signaling down-stream of the NF-κB complex; and (3) intact GLP-1 signaling must have supported IL-10 production through GLP-1R signaling on macrophages after considering these mechanisms of action through the absence of DPP-4 in ATM [41-43].

The metabolic outcomes of this immunomodu­lation are significant. M2 macrophages produce catecholamines (norepinephrine and dopamine) and BMP4, which act on adipocyte precursors to induce beige adipogenesis. In addition, the cytokine profile shift (decreased TNF-α/IL-6, increased IL-10/IL-4) decreases the level of SOCS3 in adipocytes, removing this critical inhibition of leptin and insulin signalling [44]. This forms a feed-forward loop whereby better insulin sensitivity also enhances β-adrenergic signalling and lipid mobilization.
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Figure 3: Immunometabolic restructuration of adipose tissue resulting from DPP-4 inhibition. Active DPP-4 leads to M1 macrophage polarization, activates NF-κB signaling and SOCS3-mediated insulin resistance, and inhibits browning (i.e., in the left part of the figure). DPP-4 inhibition, conversely, leads to M2 macrophage polarization, reduces SOCS3, improves insulin sensitivity, and stimulates beige adipocyte formation (i.e., in the right part of the figure).

2.3 Senescence Clearance and Adipose Progenitor Activation

Novel data implicate cellular senescence as a vital obstacle to browning if adipose tissue, dependent on DPP-4 action [45]. Obese fat accumulates senescent cells marked by p16INK4a and p21 overexpression, which induce a pro-inflammatory senescence-associated secretory phenotype (SASP) [46]. DPP-4 generates four truncated forms of the stromal cell-derived factor-1 (SDF-1), that promote senescence by signalling through CXCR4 (1) and non-enzymatic stabilization of p53 through direct protein-protein interactions (2) [47,48]. 

DPP-4 inhibitors can reduce senescent cell burden by 40-60% in rodent models, as indicated by SA-β-galactosidase staining as well as SASP factor (IL-6, MMP3, PAI-1) expression, both of which measure senescent cell markers [49]. The reduction of senescent burden occurs through direct effects on adipocyte senescence, and/or indirect effects by improving tissue vascularization. Certainly, the latter is particularly important, because DPP-4 inhibitors increase the recruitment of endothelial progenitor cells through the preservation of intact stromal-derived factor-1 (SDF-1) which results in increased capillary density and hence, oxygen/nutrient delivery to potential beige adipocyte precursors [50]. 

The rejuvenated adipose niche had restored differentiation and lineage tracing revealed that DPP-4 inhibitor treatment increased recruitment of PDGFRα+ progenitor cells to beige adipocyte lineages by 3-fold [51]. When isolated from treated animals, PDGFRα+ progenitors exhibited enhanced expression of beige adipocyte markers (TMEM26, CD137, CITED1) and developed greater mitochondrial respiration capacity [52].



2.4 Clinical Translation and Pharmacological Considerations

Although the observations related to preclinical mechanisms are engaging, the translation of these findings to human physiology requires balancing the related pharmacokinetic and pharmacodynamic considerations. There is significant variability in the tissue distribution of DPP-4 inhibitors between the compounds—for example, sitagliptin preferentially accumulates in white adipose tissue (WAT) vs brown adipose tissue (BAT) at a 2:1 ratio, while linagliptin demonstrates a more balanced distribution because of its non-renal clearance [53]. Such differences in tissue distribution may help explain dissimilarities in browning efficacy between compounds in animal models [54].

Existing clinical and preclinical data indicate some limited effects of DPP-4 inhibition with respect to adipose tissue remodelling [55]. In animal models, DPP-4 for example has been shown to reduce adipose inflammation, decrease adipocyte size, alter the macrophage profile, and improve brown adipose tissue (BAT) function [56]. In humans, while there was an association demonstrated between expression of DPP-4 and circulating soluble DPP-4 and markers of visceral adipose dysfunction and insulin resistance, there was no clear evidence in FDG-PET studies supporting increased BAT activation following treatment with DPP-4 inhibitors [57]. Therefore, further studies with DPP-4 inhibitors together with β₃-agonists, or cold exposure or exercise, and possibly with targeted delivery (e.g., to adipose tissue) will be required to achieve therapeutically meaningful metabolic effects.

3. Clinical Evidence Revisited

The implications of preclinical findings related to DDP-4 inhibition and adipose tissue browning into human therapeutics require an investigation into the existing clinical evidence utilizing a systematic assessment of the literature [58]. In this context, we present a systematic assessment of the available literature from intervention studies, imaging studies, and biomarker studies in order to determine whether the browning effects seen in animal models are observable in humans. Accordingly, we focus attention on methodological differences that could distinguish the animal studies from the human studies, as well as potential opportunities to enhance therapeutic effects in later studies.

3.1 Adipose-Specific Outcomes in DPP-4 Inhibitor Trials

Common clinical trials of DPP-4 inhibitors have been focused primarily on glycemic endpoints, and effects on adipose tissue have been largely ignored as a secondary outcome measure. For example, sitagliptin treatment over 24 weeks in overweight or obese patients with type 2 diabetes led to reductions in fat mass (FM) and intrahepatic lipid content, with an increase in muscle/fat ratio as determined by two forms of non-invasive imaging (DXA and MR spectroscopy), although there were not significant reductions in weight [59]. However, there has not been any published trial that has led to significant physiologically relevant changes in adipose radiodensity by CT with concomitant reductions in lipid droplet size or increases in mitochondrial content; nor has a MRI trial reported any changes in reliable estimates of visceral fat area reductions in patients with metabolic syndrome who were treated with vildagliptin, and remained stable in body weight. Lastly, the current clinical imaging modalities simply do not have sufficient spatial resolution to directly show the recruitment of beige adipocytes in the adipose tissue of humans.

3.2 Functional Imaging of Brown Adipose Activity

Advanced metabolic imaging techniques have started to yield evidence of how DPP-4 inhibitors may modify thermogenic or metabolically active fat, although at this point not in the sensational way predicted by some hypotheses. In a double-blind, placebo-controlled randomized study in 30 pancreatic men who were overweight and had prediabetes, 12 weeks of treatment with sitagliptin (100 mg/day) did not produce significantly increased brown adipose tissue (BAT) activity but did modestly enhance glucose uptake in subcutaneous white adipose tissue (sWAT) and display mild elevations in the mitochondrial gene PGC-1β in skeletal muscle. These data suggest a possibility that DPP-4 inhibitors may enhance adipose/lipid tissue metabolism without stimulating outright BAT activity or massive weight loss. Note importantly that in this study weight and in general body composition did not change [60]. So far there has been no human clinical trials with a control to suggest that something like an 8-week intervention could increase cold-induced BAT uptake by ~35%, or some dose-dependent BAT thermogenesis response, say to saxagliptin, nor has a correlation with baseline serum DPP-4 activity as a predictive biomarker been nicely shown, while all these are plausible hypotheses they have never been demonstrated.

3.3 Circulating Biomarkers of Browning Response

There is a rising interest in non-invasive markers which may assist clinicians to monitor the browning of adipose tissue and metabolic remodelling potentially induced by DPP-4 inhibition. In a double-blinded randomized clinical study, patients demonstrated that sitagliptin significantly increased intact FGF21 levels and decreased FAP activity [61]. Additionally, in preclinical models, DPP-4 inhibitors (e.g., vildagliptin) also increased FGF21 expression through Sirtuin-1 signaling and enhanced energy metabolism in cardiac and other tissues [62].   Nevertheless, there are currently no strong data in humans that closely monitor changes in irisin increase approximately 1.8 fold, will reliably correlate with increased insulin sensitivity upon DPP-4 inhibitor initiation, or that specific metabolomics patterns (e.g. increased odd-chain fatty acids, decreased branched-chain amino acids) precede metabolic improvements. These remain hypotheses, but findings are underwhelming and inconsistency is the norm. 

3.4 Limitations and Evidence Gaps

Despite encouraging preclinical evidence, there are some constraints to the enthusiasm to propon DPP-4 inhibitors as single agents for the purpose of adipose browning in humans. The bulk of clinical trials and meta-analyses demonstrated DPP-4 inhibitors to be weight-neutral, versus reported weight-loss effects for the other incretin-based therapeutic options [63, 64]. Preclinical studies in rodents typically demonstrate decreased fat mass and enhancement of thermogenic function following DPP-4 inhibition (often in terms of preventing diet-induced obesity and also demonstrating a significant decrease in adiposity compared to control animals) [65, 66]. The consistent differential outcomes (clinical weight-neutrality, versus significant fat mass reductions) is likely due to significant biological differences between species, as human thermogenic fat depots are smaller, more dispersed in terms of anatomy, and have a larger representation of inducible “beige” adipocytes, which seem to have at least lower maximal thermogenic potential, and possibly more heterogeneity in thermogenic potential compared to classic rodent brown adipose tissue [67, 68]. Additionally, majority of clinical trials have investigated patients who had relatively preserved adipose health or metabolic control, therefore, it remains unknown whether DPP-4 inhibition can truly remodel adipose tissue in the populations with substantial adipose dysfunction, including the obese and elderly patients [69]. Finally, there is limited translational evidence examining DPP-4 inhibitors paired with pharmacological or non-pharmacological stimuli that drive establishment of browning (e.g., structured exercise, cold-exposure protocols, or β₃-adrenergic agonists); the clinical use and combination evidence involving DPP-4 inhibitors tend to focus on glycemic co-therapies (e.g., insulin, metformin, SGLT2 inhibitors), not paradigms of synergistic browning. This leads to the question of whether usefulness to the patient and truly meaningful adjunctive application is possible or exists [70].

4. Therapeutic Implications

The latest research has revealed the significance of DPP-4 in adipose tissue plasticity, presenting new possibilities to conduct an anti-obesity targeted therapy. Preclinical data suggests therapeutic DPP-4 inhibition (e.g., teneligliptin) promotes brown adipose tissue (BAT) function and induces beige adipocyte characteristics in white adipose tissue in high fat diet-induced obesity [71]. In vivo DPP-4 deletion specifically in adipose tissue increases insulin sensitivity, decreases hypertrophy in adipocytes, and increases the anti-inflammatory remodeling of adipose tissue [72]. In addition, the combination of DPP-4 inhibition with other agents (such as PPAR-α agonism) increases thermogenic gene expression, protects against the whitening of adipose tissue, and improves obesity-related metabolic dysfunction in obesity mice models [73]. These findings provide evidence for the next generation of therapeutics to manipulate DPP-4 pharmacotherapy with combination therapy using agents that stimulate the browning of adipose tissue (e.g., PPAR-α agonism, cold exposure) and through delivery systems that target solely adipose tissue targets [74].

4.1 Pharmacological Optimization of DPP-4 Inhibitors

Recent work addressing pharmacokinetic or translational topics suggests that established DPP-4 inhibitors (gliptins) initially developed to improve glycemic control may be either somewhat responsibly repurposed or reformulated to increase adipose-specific effects. Clinical and preclinical review evidence described extra-glycemic roles for DPP-4 in adipose inflammation, metabolic regulation, and thus the feasibility for adipo-targeted remediation [75]. Comparative pharmacokinetic data describing significant differences between gliptins exist on tissue binding and distribution: linagliptin had notable tissue binding and non-renal excretion; whereas, teneligliptin had relatively high tissue distribution in preclinical animal models. These characteristics make these gliptins attractive candidates for investigating adipose effects. However, no direct evidence exists in humans that either linagliptin or teneligliptin demonstrate adipose tissue penetration or browning capacity superior to sitagliptin or vildagliptin [76]. Nanomedicine approaches and delivery platforms (e.g., polymeric or lipid nanoparticles designed to home to white adipose tissue (WAT)) have demonstrated proof-of-concept in preclinical models to approach the local concentration of drugs, promote WAT beiging, and lower overall exposure to the drug. These approaches present a real translational pathway for repackaging gliptins so that there is more local exposure to adipose tissue with less systemic exposure. It should be noted, however, that these approaches still need clinical support and validation [77].

4.2 Rational Combination Therapies

The fact that DPP-4 inhibitors are weight neutral when used as a single agent is demonstrated in both clinical trials and meta-analyses, indicating a rationale to assess additional adjunctive stimuli to optimize their metabolic effects [78]. β3-Adrenergic agonists such as mirabegron have been demonstrated in humans to increase brown adipose tissue (BAT) activity, resting energy expenditure (RER), and glucose homeostasis, indicating their potential to work synergistically with other agents that maintain an endogenous stimulus to brown [79]. GLP-1 receptor agonists suppress appetite and body fat, but DPP-4 inhibitors inhibit the breakdown of endogenous GLP-1 in humans, and both interventions have mostly been studied together in combination aimed to maintain weight [80]. Studies of cold exposure or exercise have been somewhat promising and can be viable non-pharmacological adjunct measures to create an endogenous stimulus to activate BAT and beige WAT, assessments of the combined effect of DPP-4 inhibition with cold, β3-agonists, or structured exercise have not been studied in humans [81].

5. Conclusion

The function of DPP-4 in regulating metabolic processes pertains to much more than glucose homeostasis. Increasingly, data supports DPP-4 as a complex regulator of plasticity in adipose tissue, as it can modulate the balance between neutral lipid storage and thermogenic dissipation. To some extent, DPP-4 is involved in the regulation of adipose tissue biology through its enzymatic action on neuroendocrine peptides (e.g., GLP-1, NPY, PYY) and through its non-enzymatic activity with signaling proteins (e.g., adenosine deaminase, caveolin-1). There is a wealth of preclinical experimental literature that supports the ability of DPP-4 inhibition to improve white to beige adipocytes conversion, decrease inflammation, decrease senescence burden, and increase insulin sensitivity, and these effects may create an overall beneficial metabolic milieu, making DPP-4 inhibition a potential therapeutic target for obesity. Still, establishing these findings in humans is difficult. Clinical studies to date have focused primarily on changes in glycemic control and largely ignored adipose-specific changes in mitochondrial function, thermogenic gene expression, or imaging-based assessment of browning. This more constrained view, combined with the weight neutral profile of most of the DPP-4 inhibitors to date, obscures the broader metabolic potential of these drugs. The other confounding factor is the inherent species differences between rats and humans, particularly in their adipose depot distributions and thermogenic capacity that make it difficult to directly translate preclinical results in rodents to findings in humans. Future studies should address the preclinical gap by incorporating advanced imaging, molecular biomarkers and adipose-targeted delivery systems in a clinical setting for evaluation. Broken-out strength of DPP-4 receptors in human clinical studies in-class is also worth evaluating in future dosing experiments. For example, DPP-4 inhibitors may act together with β3 adrenergic agonists, GLP-1 receptor agonists, cold exposure or some form of structured exercise to elicit browning. Evaluating drugs to optimize pharmacokinetics to increase delivery and localization to adipose tissue or using nanomedicine approach would improve therapeutic potential. In summary, DPP-4 acts as a metabolic switch that could create a paradigm shift in the management of obesity. Future intervention studies will likely optimise DPP-4 inhibition by expanding clinical endpoints from glycemia to include adipose tissue remodelling so that we may optimise therapeutic effects in the treatment of obesity and obesity-related metabolic disorders.
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