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Background

Brown adipose tissue (BAT) plays a role in modulating energy expenditure. People with obesity have been shown to have reduced activation of BAT. Agents such as β-agonists, capsinoids, thyroid hormone, sildenafil, caffeine, or cold exposure may lead to activation of BAT in humans, potentially modulating metabolism to promote weight loss.



Methods

We systematically searched electronic databases for clinical trials testing the effect of these agents and cold exposure on energy expenditure/thermogenesis and the extent to which they may impact weight loss in adults.



Results

A total of 695 studies from PubMed, Web of Science, and Medline electronic databases were identified. After the removal of duplicates and further evaluation, 47 clinical trials were analyzed. We observed significant heterogeneity in the duration of interventions and the metrics utilized to estimate thermogenesis/energy expenditure. Changes observed in energy expenditure do not correlate with major weight changes with different interventions commonly known to stimulate thermogenesis. Even though cold exposure appears to consistently activate BAT and induce thermogenesis, studies are small, and it appears to be an unlikely sustainable therapy to combat obesity. Most studies were small and potential risks associated with known side effects of some agents such as β-agonists (tachycardia), sibutramine (hypertension, tachycardia), thyroid hormone (arrhythmias) cannot be fully evaluated from these small trials.



Conclusion

Though the impact of BAT activation and associated increases in energy expenditure on clinically meaningful weight loss is a topic of great interest, further data is needed to determine long-term feasibility and efficacy.
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Introduction

Excess body weight is one of the greatest risk factors contributing to the burden of disease worldwide, leading to a decrease in life expectancy through the development of cardiovascular disease, type 2 diabetes, and cancer, among others (1). Energy balance involves an interplay between energy intake, energy expenditure, and energy storage. When energy expenditure exceeds energy intake, energy balance is negative and leads to weight loss (2). Total daily energy expenditure (EE), determined by body size, body composition, food intake, and physical activity, can be measured by using indirect, direct, or non-calorimetric methods (3). At present, the gold standard for the measurement of EE is indirect calorimetry (3). In comparison to the direct calorimetry, the method is more affordable, and presents the advantage of providing information on the metabolic fuels being combusted in addition to measuring the metabolic rate (4).

It is well established that brown adipose tissue (BAT) plays a role in modulating EE. BAT protects the neonatal body temperature at birth by producing energy in the form of heat (thermogenesis) in the mitochondria (5, 6). Thermogenesis occurs via the presence of uncoupling protein-1 (UCP-1) in the inner mitochondrial membrane, which transports protons across the membrane and dissipates the proton gradient formed during oxidative phosphorylation. This results in heat, instead of ATP, as the metabolic end product (6, 7). This heat dissipation can be measured via indirect calorimetry (3). With the recent use of PET/CT analysis, BAT was re-discovered (8) in the adult population, and is now known to be present throughout the greater part of life and involved in body weight regulation (6). Additional clinical data has shown a reduced amount of metabolically active BAT in obese subjects (9, 10). Experiments indicate that under the influence of catecholamines, thyroid hormone, capsinoids, and cold exposure, oxidative phosphorylation is uncoupled in the mitochondria of BAT, resulting in subsequent EE (11).

We systematically reviewed clinical trials examining the effects of interventions associated with changes in EE, BAT activation and associated effects on weight loss, when data was available.



Methods


Search strategy

We systematically searched the PubMed, Web of Science, and Medline electronic databases for clinical trials published between 2000 and 2022. We used a combination of terms including: (weight loss “OR” energy expenditure “OR” thermogenesis) “AND” (thyroid hormone “OR” cold exposure “OR” beta agonist “OR” adrenergic receptor agonist “OR” beta receptor agonist “OR” capsinoids). Limiters were consistent among the three databases (Humans “AND” Clinical Trials). Research studies were initially reviewed and selected based on the content of the title and abstract. Full content was then reviewed to determine final inclusion. The search strategy was developed and carried out by LCP, LTP, and YN.



Inclusion and exclusion criteria

Clinical trials obtained from databases were preliminarily screened by analyzing the title and abstract. Full content was reviewed to determine final inclusion. Research studies that were not clinical trials and those that failed to mention weight loss, thermogenesis, and/or energy expenditure were excluded. Full content exclusion criteria dismissed studies from inclusion in tables where energy expenditure could not be deduced (n =2), studies on animals that were not aforementioned in the abstract or title (n=4), studies where an official article was unable to be acquired (n=1), studies that used lifestyle modifications as the intervention that elicited weight loss (n=1), studies concerning a case report on an individual patient (n=1), studies measuring the rise or fall of the intervention of interest as a result of a surgical procedure being performed on the patient (n=1), studies that were mechanistic in nature (n=1), studies where the results on energy expenditure were derived from a meta-analysis of various clinical trials (n=1), studies conducted before the year 2000 (n=9), and studies where the intervention of choice was non-pharmacological (n=5).



Identification of relevant studies

A total of 695 studies from PubMed, Web of Science, and Medline electronic databases were assessed for inclusion in this review. Following preliminary exclusion, a total of 91 studies remained from those initially identified. After the removal of duplicates, 64 studies were assessed for full content exclusion and a total of 47 clinical trials were evaluated. This review includes tables for 47 clinical trials between the years 2000 and 2022 (Figure 1).




Figure 1 | A flow chart illustrating the search, inclusion, exclusion, and results of the literature search.






Results

We generated tables for clinical trials that tested the effect of desired interventions (below) on energy expenditure and the role that BAT activation may plan on weight loss. Eleven studies tested the effect of β-agonists and two studies tested the effects of sibutramine (Table 1). Twenty-one studies tested the effects of cold exposure, and five studies tested the effects of capsinoids (Supplementary Table 1). Two studies tested the effects of thyroid hormone supplementation (Table 2). We also identified two studies with sildenafil (Table 3) and five studies with caffeine/green tea.


Table 1 | Details of clinical trials investigating effect of β-agonists and sibutramine on energy expenditure/BAT activity.




Table 2 | Details of clinical trials investigating effect of Thyroid Axis on energy expenditure/BAT activity.




Table 3 | Details of clinical trials investigating effects of Sildenafil on energy expenditure/BAT activity.




Beta receptor agonists

Catecholamine binding to receptors on BAT plasma membrane leads to a rise in intracellular 3’,5’-cyclic adenosine monophosphate AMP (cAMP) and subsequent activation of cAMP-dependent protein kinase A (PKA), which then phosphorylates target proteins and genes responsible for uncoupling mitochondrial respiration (Figure 2) (33); catecholamine binding also mediates the promotion of fat oxidation and the release of free fatty acids (FFA) that contribute to the activation of uncoupling protein 1 (UCP-1) (34).




Figure 2 | Mechanisms of pharmacological and non-pharmacological, direct and indirect activation of Brown Adipose Tissue to produce thermogenesis.



One study tested a short-term (1 week) treatment of the non-selective β-agonist, isoprenaline (20). There was a 19.7% increase in EE on lean subjects with isoprenaline (1.2 kcal/min baseline to 1.43 kcal/min, P< 0.001) at the highest dose, an increase in proximal skin temperatures and heart rate, but only 1/10 subjects showed detectable BAT activity despite the increase in EE that was observed (20). BAT activity was measured via “2-deoxy-2-[(18)F]fluoro-d-glucose ([(18)F]FDG) positron emission tomography/computed tomography.

Three studies tested the use of selective β-2 agonists (21, 23, 24). Two of these studies showed a dose dependent increase in EE in subjects receiving formoterol (21, 23); one study on lean subjects showed an increase in EE by 13% with the middle dose of formoterol (1,500 kcal/day baseline to 1,695 kcal/day, P< 0.05), a lower respiratory exchange ratio (RER) and higher plasma FFA levels (21), and an additional study with formoterol on overweight subjects showed that the resting energy expenditure (REE) was higher in the treatment group than with placebo (1.55 kcal/min-1 vs 1.50 kcal/min-1, P< 0.05), with an associated increase in fat oxidation and heart rate (23). Lean subjects receiving terbutaline showed no change in the resting metabolic rate (RMR), but had an increase in the lean body mass (24).

Nine studies tested the use of selective β-3 agonists (12–14, 17, 22, 25, 26, 28, 35). Two of these studies showed a dose dependent increase in EE on overweight or obese subjects when using L 796568 and TAK 677 (13, 14, 17). An acute administration (4 hours) of L 796568 resulted in a significant increase in EE by 8% at the highest dose and an increase in plasma FFA (14). The change in EE from baseline when using TAK 677 was 13 ± 17 kcal/day at the highest dose vs -39 ± 18 kcal/day using placebo, P< 0.05, with an increase in plasma FFA levels as well (17). On the contrary, a 28 day intervention (28 days) of L 796568 resulted in no significant effect on EE (92 kJ/day vs the 86 kJ/day with placebo, P > 0.05) (13). Two studies on lean subjects showed an increase in EE when using isoproterenol (β-2) and mirabegron (β-3) (12, 22). The dose of isoproterenol required for a 25% increase in EE averaged at 27 ng/kg.min for each subject (12); however, even after pretreatment with nadolol and propranolol, the increase in EE, plasma FFA and glycerol, and the decrease in RER could not be solely attributed to the β-3 agonism of isoproterenol without evidence of some contributing β-1 (and possibly β-2) activity. Additionally, subjects receiving mirabegron showed an increase in the RMR by 203 ± 40 kcal/day (13%) (22). A newer study assessing the effects of mirabegron shows an increase in white adipose tissue (WAT) UCP1 activity of approximately 1.5-fold following 10 weeks of treatment in both lean and obese subjects as demonstrated by immunohistochemistry from thigh and abdominal adipose tissue biopsies; significantly greater than that observed with a 10-day cold exposure intervention (26). Another study assessing the effects of mirabegron on lean subjects with previously detectable cold-activated BAT showed that 200 mg of mirabegron increased BAT activity as demonstrated with PET imaging, as well as increased the REE by 5.8% (4.5 kcal/h, P = 0.02) (25). An additional study observed that a 4-week, chronic use of 100 mg of mirabegron (higher than the 50 mg approved dose) on young healthy women was associated with increased BAT metabolic activity (195 to 473 mL.g/mL, P = 0.039) and increased BAT volume (72 to 149 mL, P = 0.036) as measured by (18F-FDG) PET/CT; with women who had lower levels of BAT at the beginning of the study seeing larger increases. In addition, there was an increase in the REE by 10.7% (6.4 kcal/h, P< 0.001) with the initial dose of mirabegron on day 1, although the day 28 dose of mirabegron did not increase the REE any further; however, the baseline REE on day 28 of 5.8% was higher compared to the REE prior to the drug exposure on day 1 (+82 kcal/d, P = 0.01) (28).

A smaller study by Hoeks et al. tested the use of both selective β-1 and β-2 agonists on lean subjects (15); thereby showing an increase in EE by 10% with dobutamine, a β-1 agonist (5.5 kJ/min baseline to 6.08 kJ/min, P< 0.05), an increase in plasma FFA, glycerol, and heart rate, and a decreased RER. Additionally, there was an increase in EE by 13% with salbutamol, a β-2 agonist (5.24 kJ/min baseline to 5.96 kJ/min, P< 0.001), and an increased plasma FFA and glycerol (15) (Table 1).

In summary, 13 out of 15 studies showed an increase in EE with exposure to beta agonists. Out of these, four studies investigated beta agonists in combination with cold exposure, and all four showed an increase in EE. Nine of the studies involved beta 3 agonists, and eight of these showed an increase in EE.



Sibutramine

Two studies tested the use of sibutramine (16, 18). Sibutramine is a serotonin/noradrenaline reuptake inhibitor which contributes to an increase in BAT activity by increasing sympathetic nervous system activity (36). The most significant concerns with sibutramine are blood pressure elevations and tachycardia; however, the drug is allowed for use on the market in small doses (Figure 2). Two clinical trials showed an increase in energy expenditure when using sibutramine (16, 18). One study showed statistically significant weight loss in all subjects, with a change in BMI from 33.5 ± 4.1 kg/m2 to 30.9 ± 4.8 kg/m2 after 12 weeks (P< 0.05) as well as an increase in the thermogenic response from 1.27 kcal/kg/hr to 1.44 kcal/kg/hr (16). Another study showed an increase in the REE from 1573 kcal/day to 1622 kcal/day (P< 0.05), although no significant change in EE could be attributed to sibutramine in the treatment group, and weight loss was attributed to reduced intake (18) (Table 1).



Capsinoids

Six studies tested the use of capsinoids (37–42). Capsinoids activate transient receptor potential vanilloid subtype 1 (TRPV1) calcium channels in the intestines, which results in release of catecholamines, and subsequent SNS activity stimulating BAT adrenoreceptors (40, 43); thereby, indirectly activating BAT and ultimately upregulating UCP-1 (39, 40). Additionally, evidence suggests that capsinoids promote lipid oxidation and calcium entry necessary to prevent preadipocyte-to-adipocyte differentiation; therefore, TRPV1 may ultimately be used to reduce the number and size of adipose tissue (43) (Figure 2).

Three studies with capsinoids reported an increase in REE (37–39); with one also showing modest weight loss in overweight subjects (-0.9 kg with capsinoids vs -0.49 kg with placebo) (38).

Three studies, all conducted on lean subjects, tested the use of cold exposure compared to capsinoid ingestion (40–42). One study showed that capsinoids stimulated BAT activity to a lesser degree than cold exposure (42). The other two studies used a combination of capsinoids and cold exposure. Significant findings showed prominent FDG uptake in the supraclavicular region after 1 hour of cold followed by capsinoid ingestion with EE increasing from baseline by 15.2 kJ/day in the BAT (+) group (40), and a higher EE in subjects who consumed capsinoids after being exposed to cold (41) (Supplementary Table 1). In summary, all six studies investigating the effects of capsinoids on EE showed an increase in EE but modest or no effect on weight loss in studies reporting weight changes.



Cold exposure

Cold exposure stimulates BAT activation and increases EE through stimulation of TRPA1/TRPM8 channels at cutaneous afferent neurons and dorsal root ganglia. These afferent signals reach the hypothalamus, which then acts on increasing the activity of the sympathetic nervous system (44) (Figure 2). Twenty-two studies tested the use of cold exposure. Fourteen studies found increases in EE using a variety of techniques (45–58). Three of these studies measured differences in EE between thermoneutral and cold conditions (46, 47, 55). Significant findings demonstrated an increase in EE from thermoneutral (obese: 12.92 mJ/day; lean: 11.3 mJ/day) to mild cold conditions (obese: 12.97 mJ/day; lean: 11.60 mJ/day) (P< 0.01) (47); an increase in EE from 1701 kcal/day at thermoneutral to 2052 kcal/day with cold in overweight subjects (P = 0.046) (55); and an increase in EE from 82 kcal/hr at thermoneutral to 86 kcal/hr at 19°C in lean subjects (P< 0.001) (46). Two studies measured differences in EE between BAT (+) and BAT (-) subjects (48, 51). BAT (+) vs BAT (-) individuals represent those who showed detectable FDG-uptake in the supra- and sub-clavicular regions after cold-stimulation and those who showed undetectable FDG-uptake, respectively (48). Significant findings demonstrated an increase in EE from 1446 kcal/day at 27°C to 1856 kcal/day at 19°C for BAT (+) lean subjects vs the increase to 1475 for BAT (-) subjects (P< 0.05) (48); another study showed an increase in the cold-induced thermogenesis (CIT) by 252 kcal/day for BAT (+) lean subjects vs the 78 kcal/day observed for BAT (-) subjects (P< 0.01) (51). Three other studies showed an increase in EE (45, 50, 56). A short-term (3 day) study by Wijers et al. showed an increase in EE by 0.59 mJ/day in lean subjects (P< 0.001) (45). Another study demonstrated an increase in the CIT from 5.2% to 12% and an increase in the RMR from 1782 kcal/day to 1824 kcal/day in lean to overweight subjects (56). An additional study showed an increase in EE in lean females (6.2 to 6.9 mJ/day) and male (7.6 to 8.5 mJ/day) subjects (P< 0.05) (50). Two studies showed a decrease in EE following cold acclimation, however, an increase in EE within the cold acclimated vs non-cold acclimated group (52, 54); an increase in EE both before (5.9 to 6.5 kJ/min) and after cold acclimation (5.7 to 6.5 kJ/min) in overweight subjects (P< 0.01) (54) and an increase in EE both before (1.4 to 2.7 kcal/min) and after cold acclimation (1.3 to 2.5 kcal/min) in lean subjects (52). Limitations to the above finding include a study demonstrating an 8.3% decrease in EE (59), and an additional study finding no effect on EE after cold stimulation (60). One short term (5 days) study identified a reduction in weight by 0.5 kg in lean subjects (P< 0.05) (56).

Five studies made a comparison of β-agonist vs cold exposure and capsinoids vs cold exposure based on their effect on EE (19, 20, 40, 41, 51). A study by Vosselman et al. (Table 1) compared cold exposure with the non-selective β-agonist isoprenaline on lean subjects (20), showing a CIT of 16.9% (1.17 kcal/min baseline to 1.37 kcal/min, P< 0.001) vs an increase in EE with isoprenaline by 19.7% (1.2 kcal/min baseline to 1.45 kcal/min, P< 0.001). The β-receptor antagonist propranolol was tested with cold exposure on lean subjects in one of the studies, showing an increase in EE with cold exposure only (131 W/m2 baseline to 134.4 W/m2, P< 0.05) and a lower increase in EE with the addition of propranolol to cold exposure (125.9 W/m2 baseline to 129.1 W/m2, P< 0.05) (19). One study measuring the effects of the β-3 agonist mirabegron and cold exposure on young, lean Europid and South Asian participants found that cold exposure increased armpit temperature (as a proxy of core body temperature) and supraclavicular skin temperature in Europids (+10 C, P<0.1 and +1.6 C, P<0.001 respectively) and South Asians (+0.8 C, P<0.5 and +1.7 C, P<0.001 respectively). Mirabegron also increased armpit and supraclavicular skin temperature in Europids (+0.6 C, P<0.05 and +0.4 C, P<0.05 respectively) and South Asians (+0.03 C, P<0.01 and +0.7 C, P< 0.01 respectively). Mirabegron increased FFA levels in Europids and South Asians (+214%, P<0.001 and +155%, P<0.001 respectively). Additionally, cold exposure increased REE in both Europids and South Asians (+20%, P<0.01 and +29%, P<0.05); however, no increase in REE with mirabegron use over time (27).

Cold exposure was also administered to lean subjects in combination with capsinoids (Table 3), showing an EE of 146 kcal/2 hrs with capsinoid treatment and a rise to 300 kcal/2 hrs with cold (42). Three studies showed an increase in EE following cold acclimation (40, 41, 51). One showing an increase in EE in BAT (+) subjects receiving capsinoids after cold acclimation (15.2 ± 2.6 kJ/d vs 1.7 ± 3.8 kJ/d BAT -) (P< 0.01) (40); another showing an increase in the CIT in lean BAT (+) subjects receiving capsinoids after cold acclimation (252 ± 41.1 kcal/d vs 78.4 ± 23.8 kcal/d BAT -) (P< 0.01) & it was found that in individuals with low or undetectable BAT the CIT after capsinoid treatment was directly proportional to BAT activity, further showing the importance of capsinoids for the activation of BAT (51); lastly, one study showed an increase in the fat oxidation and EE in the lean BAT (+) group receiving capsinoids following cold acclimation (P = 0.01) (41) (Supplementary Table 1). In summary, a total of 28 studies investigating the effect of cold exposure on EE (alone or in combination) were reviewed (Table 1 and Supplementary Table 1). Out of these, a total of 25 studies showed an increase in EE. Most studies were of short duration and the impact on weight loss is uncertain.



Thyroid hormone

Thyroid hormone stimulates all cells in the body and influences the basal metabolic rate under the regulation of thyrotropin-releasing hormone (TRH) from the hypothalamus and thyroid stimulating hormone (TSH) from the pituitary. Thyroid hormone in the form of thyroxine (T4) is converted to a more active form, triiodothyronine (T3) in peripheral tissues such as the liver, kidneys, and BAT; with T3 having the ability to enhance uncoupling respiration in BAT (29). Interestingly, TSH-receptors have been shown to be present on BAT plasma membrane in mice (29). This points to both TSH and T3 in having great importance in BAT function and activation of uncoupling respiration (29) (Figure 2). One study tested the use of TRH (30) and another the use of levothyroxine (synthetic exogenous thyroid hormone) (29). Both of these studies included cold exposure as an agent alongside thyroid hormone therapy. The study using levothyroxine as the intervention resulted in an increase in the RMR, an increase in BAT activity, an increase in EE, an increase in non-shivering thermogenesis (NST) from 15% to 20%, with lower mean skin temperatures (29). The second study involving TRH administration following mild cold exposure resulted in an increased BAT glucose uptake compared to the administration of TRH at room temperature (30) (Table 2).



Sildenafil

Phosphodiesterase type 5 (PDE5) inhibitors and their effect on energy expenditure through the induction of a BAT thermogenic phenotype in white adipose tissue (WAT) mediated by cGMP, remains a topic of interest. One study investigated short-term (7 day) treatment with sildenafil in overweight Chinese men (N=16) and potential “browning” of subcutaneous WAT (31). Results showed an increase from baseline in RMR [1465 ± 196 kcal/day (pre) vs 1642 ± 166 kcal/day (post), P<0.01] with associated increases in norepinephrine [1.88 ± 0.71 nmol/L (pre) vs 2.91 ± 0.72 nmol/L (post), P<0.05], epinephrine [0.13 ± 0.03 nmol/L (pre) vs 0.17 ± 0.04 nmol/L (post), P<0.05] and cGMP [22.13 ± 9.14 pmol/mL (pre) vs 65.50 ± 13.72 pmol/mL (post), P<0.01) levels after sildenafil treatment that were not observed in the placebo group. No significant changes in weight were observed in either group. Evaluation of subcutaneous WAT in sildenafil-treated subjects revealed a smaller, more loculated morphology with evidence of increased UCP-1 expression on immunohistochemical staining and an increased density of mitochondria on electron microscopy when compared to those treated with placebo, consistent with a more thermogenic BAT phenotype (31). Further data using functional PET/CT imaging of BAT depots did not reveal in increase in activity or expansion of the pre-existing BAT tissue, confirming the hypothesis that sildenafil works not by BAT activation, but through inducing a more thermogenic (“beige”) phenotype in existing WAT (31). An additional study evaluated the effects of NS-0200 on weight loss in obese subjects over 16 weeks compared to placebo (N=71) (32). NS-0200 contained a combination of leucine, metformin and sildenafil, hypothesizing a synergistic effect between the components to increase metabolic effects mediated by AMP-activated protein kinase (AMPK) and mammalian sirtuin 1 (Sirt1) via direct Sirt1 activation (leucine) and indirectly through endothelial nitric oxide synthase (sildenafil). Although a significant 2.4kg weight loss was observed between high dose NS-0200 and placebo groups, the study did not directly evaluate changes in energy expenditure or changes associated with adaptive thermogenesis. Metformin is known to affect weight, and the findings are difficult to interpret (Table 3).



Caffeine/green tea extract

Caffeine may promote BAT function at thermoneutrality, peroxisome proliferator-activated receptor gamma coactivator 1-alpha expression, and mitochondrial biogenesis (61). Findings from a small study by Dulloo et al. (N=10) suggested green tea extract exposure (high content in caffeine and catechin polyphenols) results in a significant increase in 24-hour EE (4%; P< 0.01) compared to placebo; however, treatment with caffeine alone (similar content) had no effect on EE (62). In a small study (N=8) examining non-shivering thermogenesis during cold exposure, EE was approximately 10% higher during green tea exposure compared with placebo (P=0.007) (63). A larger study (N=80) tested bioactive food ingredients (tyrosine, capsaicin, catechins, and caffeine) on thermogenesis, body fat loss and fecal fat excretion after a weight loss intervention. Those who lost weight were randomized to the bioactive supplement (N=57) or placebo (N=23). The bioactive supplement increased 4-hour thermogenesis by 90 kJ compared to placebo, an effect that was maintained after 8 weeks and was associated with a slight reduction in fat mass 0.9 kg (0.5; 1.3), suggesting the compound may support weight maintenance after a hypocaloric diet (64). A previous experiment (N=120) showed no effect of green tea did on body-weight maintenance after a 7.5% bodyweight loss compared with placebo in originally overweight individuals. In addition, no differences in metabolic and blood parameters were observed between the green tea and the placebo group (65). A study investigating the acute and chronic effects of oral administration of catechin with caffeine on whole-body EE and BAT activity in humans (N=15) assessed with PET/CT, showed a single ingestion of the catechin beverage increased EE in 9 subjects who had metabolically active BAT (mean ± SEM: +15.24 ± 1.48 kcal, P< 0.01) but not in 6 subjects who had minimal BAT activity (mean ± SEM: +3.42 ± 2.68 kcal). Chronic exposure also led to an increase in cold induced thermogenesis (from 92.0 ± 26.5 to 197.9 ± 27.7 kcal/d; P = 0.009) (66).




Discussion

The ability to exploit the thermogenic potential of BAT in the adult human body to promote energy expenditure and achieve weight loss or an improved metabolic phenotype are ongoing. We identified a wide range of interventions and examined the effects of β-agonists, cold exposure, capsinoid ingestion, sibutramine, thyroid hormone, sildenafil, and caffeine on EE and the role that BAT plays in this process for effective long-term weight loss. Though promising in theory, many trialed interventions targeting various mechanisms leading to BAT activation or expansion have shown little effect on sustainable weight loss. Some findings are promising (i.e. β-3 agonists, cold exposure) but most studied approaches may be impractical, minimally effective, or associated with significant side effects.

The identification of functional cold activated BAT in adult humans stimulated the discussion of its importance in human physiology and metabolism in the past decade (67). Given that some agents, known to activate BAT, had previously examined changes in EE or changes in weight we expanded our search to the last two decades. The assessment of BAT activation in clinical trials may be challenging, however newer markers (i.e. cell membrane specific markers) are under investigation (67). A commonly used technique to assess BAT activation in humans is positron emission tomography/computed tomography (PET/CT) scan with a radioactive labelled glucose tracer. Besides substrate uptake, several other aspects of BAT activity can be measured such as oxidative metabolism, local blood perfusion, and sympathetic innervation (67). The contribution of activated BAT to whole body EE is not well known. With is limitations, thermogenesis may be commonly estimated with indirect calorimetry, which has been used historically to obtain accurate measurements of EE (68). For a true assessment of BAT activation in different trials, the methodologies identified in this review are under conditions with agents known to activate BAT.

The average rates of total daily energy expenditure (TDEE) for men and women in the United States are estimated at 2850 kcal/day (or 1.97 kcal/min) for men and 2266 kcal/day (or 1.57 kcal/min) for women (69). The β-2 agonist, formoterol, significantly increased EE by 1.55 kcal/min (p<0.05) in overweight subjects (23). The non-selective β-agonist isoprenaline increased energy expenditure by 0.23 kcal/min (p<0.001) in lean subjects, however, it did not activate BAT as measured by 18F-fluorodeoxyglucose (18F-FDG), suggesting that other tissues are responsible for the increased beta-adrenergic thermogenesis (20). Selective β-3 agonists are known to stimulate rodent BAT (22). The use of the β-3 agonist nebivolol in human adipocytes can induce lipolysis and promote thermogenic as well as mitochondrial gene expression (including UCP-1) (35). The use of 200 mg of oral mirabegron led to higher BAT metabolic activity as measured via 18F-fluorodeoxyglucose (18F-FDG) uptake in all subjects (p = 0.001), as well as producing an increase in the RMR by 0.14 kcal/min (+13%; p=0.001) (22). Additionally, BAT metabolic activity was also a significant predictor of the changes in the RMR (p=0.006) (22). In addition to producing an increased BAT metabolic activity and increased BAT volume (25, 28), mirabegron can also increase WAT UCP1 activity by 1.5-fold in both lean and obese individuals (26). These findings suggest the use of β-3 adrenergic receptor agonists may be promising to treat metabolic diseases. However, an increase in HR (14 ± 3 bpm) and systolic blood pressure (11 ± 2 mmHg) was observed with high-dose mirabegron (22), making this approach undesirable compared to currently approved agents to treat obesity.

The greatest production of EE in the cold exposure interventions was 0.28 kcal/min in BAT (+) subjects (p<0.05) (48). EE seems to be greater with cold intervention tested on BAT (+) subjects (48, 51). One study showed a 2% reduction in weight following cold exposure, with a measured CIT in BAT (+) subjects of 0.175 kcal/min (p<0.05) (51) Only one study produced a reduction in weight of 1.1 lbs (0.5 kg) (p>0.05) after cold exposure (56), indicating that cold exposure may not be a feasible treatment for weight reduction in obese patients. Cold exposure with the non-selective β-agonist isoprenaline showed a CIT of 0.2 kcal/min (p<0.001) (20). Cold exposure with the β-3 agonist mirabegron showed an increase in armpit and supraclavicular skin temperatures. When Capsinoid treatment was followed by cold exposure this produced a greater increase in EE (2.5 kcal/min) (42) compared to when cold exposure was followed by capsinoid treatment (40, 51). Additionally, in studies where cold exposure that was followed by capsinoid treatment, those with BAT (+) subjects showed a greater increase in EE (51). It is possible that the effect on EE can be augmented with the use of cold exposure plus capsinoid intervention, with the use of cold exposure plus β-agonist intervention, as well as with the use of cold exposure plus thyroid hormone intervention (as demonstrated by an increase in BAT glucose uptake) (30).

In studies testing capsinoids, only one produced a reduction in weight of 2 lbs (0.9 kg), indicating that capsinoid intervention on its own does not result in major changes in weight necessary for long term weight management strategies (38). On the other hand, it is well known that sibutramine promotes weight loss (70), which was seen in one study demonstrating a change in the BMI in all subjects (16), however, it remains unclear whether this weight loss is due to a sibutramine-induced increase in EE or as a result of decreased caloric intake (18).

Heart rate, shivering, and other metabolic processes within the body unrelated to BAT-associated heat dissipation may influence the relationship observed between the trialed interventions and the measured energy expenditure. Many studies use a low Respiratory Quotient (RQ) as a surrogate for BAT activity. Importantly, supraclavicular skin temperature positively correlates with 18F-FDG uptake by BAT in young healthy lean men and is therefore used as a surrogate for BAT activity (27). Many studies show an increase in heart rate in response to the trialed interventions that may be picked up by the calorimeter and may contribute to the observed increase in EE. Additionally, there are studies that conducted their trials on lean rather obese individuals, presenting a limitation on the measured EE for those studies.

We examined studies that may show a relationship between the EE and weight loss observed that can be attributed to possible BAT activity. In the β-agonist studies, there was one study by Vosselman et al., 2012 (20) that showed detectable BAT activity. In the cold exposure studies, both Yoneshiro et al., 2011 (48) and Yoneshiro et al., 2013 (51) showed increases in EE and CIT, respectively, in BAT (+) subjects. Three studies testing both cold exposure and capsinoid treatment showed increases in EE [Yoneshiro et al., 2012 (40); Ang et al., 2017 (41)] and CIT [Yoneshiro et al., 2013 (51)] in BAT (+) subjects. One study by Heinen et al., 2018 (30) administered TRH following mild cold exposure and this resulted in an increased BAT glucose uptake, possibly associated with an increase in BAT activity. Various studies also directly measured weight loss as described above.

The interest in BAT activation and thermogenesis also encompasses the possibility of not only increasing the activity or expanding the reservoir of existing BAT, but also in transitioning WAT lacking thermogenic capacity into heat-generating adipose resembling BAT (often referred to as “browning of” or “beige” WAT). Though very limited data in humans exists, phosphodiesterase inhibitors have shown promise in promoting this process through the increased availability of cGMP. The PDE5 inhibitor, sildenafil, showed evidence of promoting WAT browning in a small study in overweight men, with both metabolic changes consistent with increasing energy expenditure and BAT activation, as well as morphologic changes in WAT reflecting “browning” (31). Even with the induction of thermogenic changes in WAT, no significant change in weight was observed. Further investigation is needed given the short time frame of the study that may have limited observable changes in weight with sildenafil treatment (31).

An interest in caffeine/green tea and their ability to increase EE has also been reported, though interindividual and seasonal variations of BAT activity may be important (66). Subjects with known activation of BAT, confirmed with FDG uptake, were more likely to experience changes in EE compared to individuals with minimal BAT activity with a single dose of catechin (green tea). Daily ingestion also led to a significant increase in cold induced thermogenesis (66). These presumed positive changes in metabolism may, however, have minimal effects on weight loss or body-weight maintenance (65).

The impact of newer medications for obesity [GLP-1 receptor analogs (GLP-1 RA] on EE appears to be non-clinically significant with an effect mainly mediated by decreased energy intake (71–75). The novel GIP-GLP-1 dual agonist, tirzepatide, recently approved for diabetes management and with incredibly potent weight loss effects, may have some effect on increasing EE, however, the effect (similar to GLP-1 RA) appears to be largely mediated by reduced calory intake (76).

In conclusion, the activation of BAT remains an interesting area of investigation and possibly underestimated target in metabolic health (67). The changes observed in EE do not correlate with major weight changes with different interventions commonly known to stimulate BAT activation. Variations in the duration of interventions and the metrics utilized to estimate thermogenesis/EE make the comparisons of agents difficult to interpret. The potential side effects with β-agonists (tachycardia), sibutramine (hypertension, tachycardia), thyroid hormone (osteopenia, arrhythmias) make these agents less attractive as long-term solutions for patients with obesity. Even though cold exposure appears to consistently activate BAT and induce thermogenesis, studies are small, and it appears to be an unlikely sustainable therapy to combat obesity. Given that weight loss is associated with a decrease in REE that may favor weight regain (77) it may be ideal to identify if chronic exposure to medications that increase REE can maintain weight lost over time in people with obesity and diabetes.

Limitations of this systematic review include the potential selective publication of positive studies. A large proportion of studies were of short duration. Although we aimed to provide a comprehensive review of recent literature, we may have excluded potentially relevant studies published before the year 2000.

It is important to note that only a minority of the studies included in this systematic review directly measure BAT activity, and therefore it is difficult to assess what the contribution of BAT itself is to the change in EE. Future emphasis should be placed on determining which individuals are BAT (+) or BAT (-) for the β-agonists interventions prior to the study protocol in order to better determine if and how these interventions specifically target BAT thermogenic capacity. Future emphasis should be placed on limiting surrogates for BAT activity, such as RQ and supraclavicular skin temperature. Future studies may consider examining obese subjects where the magnitude of the effect of interventions may be larger. Future studies would benefit of longer follow up to determine the clinical relevance of influencing EE on weight loss. Finally, understanding variations in metabolism across the lifespan [i.e. progressive decline with age (78)] with their compensatory changes in energy intake may help individualize the selection of therapies that modulate EE.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

FP and LCP designed the study. LCP, LTP, and YN conducted data extraction, organized the data and wrote the first draft of manuscript. GU, GD, and FP critically reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Conflict of interest

FP is partly supported by NIH/NIGMS grant 1K23GM128221-01A1, has received consulting fees from Merck, Boehringer Ingelheim, and research support from Merck, Dexcom, Insulet, and Ideal Medical Technologies. GU is partly supported by research grants from the National Centre for Advancing Translational Sciences of the National Institutes of Health under Award Number UL1TR002378 from the Clinical and Translational Science Award program and a National Institutes of Health NIH grant U30, P30DK11102, and has received research grant support to Emory University for investigator-initiated studies from Sanofi, Novo Nordisk, and Dexcom.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.1037458/full#supplementary-material



References

1. Haslam, D, and James, P. Obesity. Lancet (2005) 366:1197–209. doi: 10.1016/S0140-6736(05)67483-1

2. Kim, JY. Optimal diet strategies for weight loss and weight loss maintenance. J Obes Metab Syndrome (2021) 30(1):20–31. doi: 10.7570/jomes20065

3. Westerterp, KR, Feingold, KR, Anawalt, B, Boyce, A, Chrousos, G, and de Herder, WW. Control of energy expenditure in humans. In:  KR Feingold, B Anawalt, A Boyce, G Chrousos, and WW Herder, editors. Endotext. South Dartmouth (MA: MDText.com, Inc. Copyright © 2000-2020, MDText.com, Inc (2000).

4. Ndahimana, D, and Kim, E-K. Measurement methods for physical activity and energy expenditure: A review. Clin Nutr Res (2017) 6(2):68. doi: 10.7762/cnr.2017.6.2.68

5. Florido, R, Tchkonia, T, and Kirkland, J. Aging and adipose tissue. In: Handbook of the biology of aging, 7ed (2011) (Amsterdam, Netherlands: Elsevier Inc.). p. 119–39.

6. Nedergaard, J, and Cannon, B. Brown adipose tissue: Development and function. Fetal Neonatal Physiol (2017) 1. 5:354–63. doi: 10.1016/B978-0-323-35214-7.00035-4

7. McDonald, RB. Thermoregulation: Autonomic age-related changes. In: Encyclopedia of neuroscience. Academic Press (2009) (Amsterdam, Netherlands: Elsevier Inc.). p. 977–86.

8. Cypess, AM, and Kahn, CR. The role and importance of brown adipose tissue in energy homeostasis. Curr Opin Pediatrics (2010) 22(4):478–84. doi: 10.1097/MOP.0b013e32833a8d6e

9. Vijgen, GH, Bouvy, ND, Teule, GJ, Brans, B, Schrauwen, P, and van Marken Lichtenbelt, WD. Brown adipose tissue in morbidly obese subjects. PLoS One (2011) 6(2):e17247. doi: 10.1371/journal.pone.0017247

10. Wang, Q, Zhang, M, Xu, M, Gu, W, Xi, Y, and Qi, L. Brown adipose tissue activation is inversely related to central obesity and metabolic parameters in adult human. PLoS One (2015) 10(4):e0123795. doi: 10.1371/journal.pone.0123795

11. Engelking, L. Chapter 70: Lipolysis. In: Textbook of veterinary physiological medicine, 3 ed. Academic Press (2015) (Amsterdam, Netherlands: Elsevier Inc.). p. 444–9.

12. Schiffelers, SL, Blaak, EE, Saris, WH, and van Baak, MA. In vivo beta3-adrenergic stimulation of human thermogenesis and lipid use. Clin Pharmacol And Ther (2000) 67(5):558–66. doi: 10.1067/mcp.2000.106794

13. Larsen, TM, Toubro, S, van Baak, MA, Gottesdiener, KM, Larson, P, Saris, WHM, et al. Effect of a 28-d treatment with l-796568, a novel beta(3)-adrenergic receptor agonist, on energy expenditure and body composition in obese men. Am J Clin Nutr (2002) 76(4):780–8. doi: 10.1093/ajcn/76.4.780

14. van Baak, MA, Hul, GBJ, Toubro, S, Astrup, A, Gottesdiener, KM, DeSmet, M, et al. Acute effect of l-796568, a novel beta 3-adrenergic receptor agonist, on energy expenditure in obese men. Clin Pharmacol Ther (2002) 71(4):272–9. doi: 10.1067/mcp.2002.122527

15. Hoeks, J, van Baak, MA, Hesselink, MK, Hul, GB, Vidal, H, Saris, WH, et al. Effect of beta1- and beta2-adrenergic stimulation on energy expenditure, substrate oxidation, and UCP3 expression in humans. Am J Physiol Endocrinol Metab (2003) 285(4):E775–782. doi: 10.1152/ajpendo.00175.2003

16. Saraç, F, Pehlivan, M, Çelebi, G, Saygili, F, Yilmaz, C, and Kabalak, T. Effects of sibutramine on thermogenesis in obese patients assessed via immersion calorimetry. Adv Ther (2006) 23(6):1016–29. doi: 10.1007/BF02850222

17. Redman, LM, de Jonge, L, Fang, X, Gamlin, B, Recker, D, Greenway, FL, et al. Lack of an effect of a novel beta3-adrenoceptor agonist, TAK-677, on energy metabolism in obese individuals: a double-blind, placebo-controlled randomized study. J Clin Endocrinol Metab (2007) 92(2):527–31. doi: 10.1210/jc.2006-1740

18. Rotstein, A, Inbar, O, and Vaisman, N. The effect of sibutramine intake on resting and exercise physiological responses. Ann Of Nutr Metab (2008) 52(1):17–23. doi: 10.1159/000114290

19. Wijers, SLJ, Schrauwen, P, Baak, M, Saris, WHM, and Lichtenbelt, W. β-adrenergic receptor blockade does not inhibit cold-induced thermogenesis in humans: Possible involvement of brown adipose tissue. J Clin Endocrinol Metab (2011) 96(4):E598–605. doi: 10.1210/jc.2010-1957

20. Vosselman, MJ, van der Lans, AAJJ, Brans, B, Wierts, R, Baak van, MA, Schrauwen, P, et al. Systemic β-adrenergic stimulation of thermogenesis is not accompanied by brown adipose tissue activity in humans. Diabetes (2012) 61(12):3106–13. doi: 10.2337/db12-0288

21. Lee, P, Day, RO, Greenfield, JR, and Ho, KKY. Formoterol, a highly beta(2)-selective agonist, increases energy expenditure and fat utilisation in men. Int J Obes (2013) 37(4):593–7. doi: 10.1038/ijo.2012.90

22. Cypess, AM, Weiner, LS, Roberts-Toler, C, Franquet Elía, E, Kessler, SH, Kahn, PA, et al. Activation of human brown adipose tissue by a beta 3-adrenergic receptor agonist. Cell Metab (2015) 21(1):33–8. doi: 10.1016/j.cmet.2014.12.009

23. Onslev, J, Jacobson, G, Narkowicz, C, Backer, V, Kalsen, A, and Kreiberg, M. Beta2-adrenergic stimulation increases energy expenditure at rest, but not during submaximal exercise in active overweight men. Eur J Appl Physiol (2017) 117(9):1907–15. doi: 10.1007/s00421-017-3679-9

24. Jessen, S, Onslev, J, Lemminger, A, Backer, V, Bangsbo, J, and Hostrup, M. Hypertrophic effect of inhaled beta(2)-agonist with and without concurrent exercise training: A randomized controlled trial. Scand J Med Sci Sports (2018) 28(10):2114–22. doi: 10.1111/sms.13221

25. Baskin, AS, Linderman, JD, Brychta, RJ, McGehee, S, Anflick-Chames, E, Cero, C, et al. Regulation of human adipose tissue activation, gallbladder size, and bile acid metabolism by a β3-adrenergic receptor agonist. Diabetes (2018) 67(10):2113–25. doi: 10.2337/db18-0462

26. Finlin, BS, Memetimin, H, Confides, AL, Kasza, I, Zhu, B, Vekaria, HJ, et al. Human adipose beiging in response to cold and mirabegron. JCI Insight (2018) 3(15). doi: 10.1172/jci.insight.121510

27. Nahon, KJ, Janssen, LGM, Sardjoe Mishre, ASD, Bilsen, MP, van der Eijk, JA, Botani, K, et al. The effect of mirabegron on energy expenditure and brown adipose tissue in healthy lean south Asian and europid men. Diabetes Obes Metab (2020) 22(11):2032–44. doi: 10.1111/dom.14120

28. O’Mara, AE, Johnson, JW, Linderman, JD, Brychta, RJ, McGehee, S, Fletcher, LA, et al. Chronic mirabegron treatment increases human brown fat, HDL cholesterol, and insulin sensitivity. J Clin Invest (2020) 130(5):2209–19. doi: 10.1172/JCI131126

29. Broeders, EPM, Vijgen, G, Havekes, B, Bouvy, ND, Mottaghy, FM, Kars, M, et al. Thyroid hormone activates brown adipose tissue and increases non-shivering thermogenesis - a cohort study in a group of thyroid carcinoma patients. PLoS One (2016) 11(1). doi: 10.1371/journal.pone.0145049

30. Heinen, CA, Zhang, Z, Klieverik, LP, de Wit, TC, Poel, E, Yaqub, M, et al. Effects of intravenous thyrotropin-releasing hormone on (18)F-fluorodeoxyglucose uptake in human brown adipose tissue: a randomized controlled trial. Eur J Endocrinol (2018) 179(1):31–8. doi: 10.1530/EJE-17-0966

31. Li, S, Li, Y, Xiang, L, Dong, J, Liu, M, and Xiang, G. Sildenafil induces browning of subcutaneous white adipose tissue in overweight adults. Metabolism (2018) 78:106–17. doi: 10.1016/j.metabol.2017.09.008

32. Zemel, MB, Kolterman, O, Rinella, M, Vuppalanchi, R, Flores, O, Barritt, AS 4th, et al. Randomized controlled trial of a leucine-Metformin-Sildenafil combination (NS-0200) on weight and metabolic parameters. Obes (Silver Spring Md) (2019) 27(1):59–67. doi: 10.1002/oby.22346

33. MacDonald, JA, and Storey, KB. cAMP-dependent protein kinase from brown adipose tissue: temperature effects on kinetic properties and enzyme role in hibernating ground squirrels. J Comp Physiol B Biochem Syst Environ Physiol (1998) 168(7):513–25. doi: 10.1007/s003600050172

34. Carpentier, AC, Blondin, DP, Virtanen, KA, Richard, D, Haman, F, and Turcotte, ÉE. Brown adipose tissue energy metabolism in humans. Front Endocrinol (Lausanne) (2018) 9:447–7. doi: 10.3389/fendo.2018.00447

35. Bordicchia, M, Pocognoli, A, D’Anzeo, M, Siquini, W, Minardi, D, Muzzonigro, G, et al. Nebivolol induces, via beta 3 adrenergic receptor, lipolysis, uncoupling protein 1, and reduction of lipid droplet size in human adipocytes. J Hypertension (2014) 32(2):389–96. doi: 10.1097/HJH.0000000000000024

36. Whittle, A, Relat-Pardo, J, and Vidal-Puig, A. Pharmacological strategies for targeting BAT thermogenesis. Trends Pharmacol Sci (2013) 34(6):347–55. doi: 10.1016/j.tips.2013.04.004

37. Inoue, N, Matsunaga, Y, Satoh, H, and Takahashi, M. Enhanced energy expenditure and fat oxidation in humans with high BMI scores by the ingestion of novel and non-pungent capsaicin analogues (capsinoids). Biosci Biotechnol Biochem (2007) 71(2):380–9. doi: 10.1271/bbb.60341

38. Snitker, S, Fujishima, Y, Shen, H, Ott, S, Pi-Sunyer, X, Furuhata, Y, et al. Effects of novel capsinoid treatment on fatness and energy metabolism in humans: Possible pharmacogenetic implications. Am J Of Clin Nutr (2009) 89(1):45–50. doi: 10.3945/ajcn.2008.26561

39. Josse, AR, Sherriffs, SS, Holwerda, AM, Andrews, R, Staples, AW, and Phillips, SM. Effects of capsinoid ingestion on energy expenditure and lipid oxidation at rest and during exercise. Nutr Metab (2010) 7. doi: 10.1186/1743-7075-7-65

40. Yoneshiro, T, Aita, S, Kawai, Y, Iwanaga, T, and Saito, M. Nonpungent capsaicin analogs (capsinoids) increase energy expenditure through the activation of brown adipose tissue in humans. Am J Clin Nutr (2012) 95(4):845–50. doi: 10.3945/ajcn.111.018606

41. Ang, QY, Goh, HJ, Cao, Y, Li, Y, Chan, S-P, Swain, JL, et al. A new method of infrared thermography for quantification of brown adipose tissue activation in healthy adults (TACTICAL): A randomized trial. J Physiol Sci: JPS (2017) 67(3):395–406. doi: 10.1007/s12576-016-0472-1

42. Sun, L, Camps, SG, Goh, HJ, Govindharajulu, P, Schaefferkoetter, JD, Townsend, DW, et al. Capsinoids activate brown adipose tissue (BAT) with increased energy expenditure associated with subthreshold 18-fluorine fluorodeoxyglucose uptake in BAT-positive humans confirmed by positron emission tomography scan. Am J Of Clin Nutr (2018) 107(1):62–70. doi: 10.1093/ajcn/nqx025

43. Whiting, S, Derbyshire, E, and Tiwari, BK. Capsaicinoids and capsinoids. A potential role for weight management? a systematic review of the evidence. Appetite (2012) 59(2):341–8. doi: 10.1016/j.appet.2012.05.015

44. Montell, C, and Caterina, MJ. Thermoregulation: channels that are cool to the core. Curr Biol (2007) 17(20):R885–887. doi: 10.1016/j.cub.2007.08.016

45. Wijers, SLJ, Saris, WHM, and van Marken Lichtenbelt, WD. Individual thermogenic responses to mild cold and overfeeding are closely related. J Clin Endocrinol Metab (2007) 92(11):4299–305. doi: 10.1210/jc.2007-1065

46. Celi, FS, Brychta, RJ, Linderman, JD, Butler, PW, Alberobello, AT, Smith, S, et al. Minimal changes in environmental temperature result in a significant increase in energy expenditure and changes in the hormonal homeostasis in healthy adults. Eur J Endocrinol (2010) 163(6):863–72. doi: 10.1530/EJE-10-0627

47. Wijers, SL, Saris, WH, and van Marken Lichtenbelt, WD. Cold-induced adaptive thermogenesis in lean and obese. Obes (Silver Spring Md) (2010) 18(6):1092–9. doi: 10.1038/oby.2010.74

48. Yoneshiro, T, Aita, S, Matsushita, M, Kameya, T, Nakada, K, Kawai, Y, et al. Brown adipose tissue, whole-body energy expenditure, and thermogenesis in healthy adult men. Obesity (2011) 19(1):13–6. doi: 10.1038/oby.2010.105

49. Chen, KY, Brychta, RJ, Linderman, JD, Smith, S, Courville, A, Dieckmann, W, et al. Brown fat activation mediates cold-induced thermogenesis in adult humans in response to a mild decrease in ambient temperature. J Clin Endocrinol Metab (2013) 98(7):E1218–23. doi: 10.1210/jc.2012-4213

50. van der Lans, AAJJ, Hoeks, J, Brans, B, Vijgen, GHEJ, Visser, MGW, Vosselman, MJ, et al. Cold acclimation recruits human brown fat and increases nonshivering thermogenesis. J Clin Invest (2013) 123(8):3395–403. doi: 10.1172/JCI68993

51. Yoneshiro, T, Aita, S, Matsushita, M, Kayahara, T, Kameya, T, Kawai, Y, et al. Recruited brown adipose tissue as an antiobesity agent in humans. J Clin Invest (2013) 123(8):3404–8. doi: 10.1172/JCI67803

52. Blondin, DP, Labbé, SM, Tingelstad, HC, Noll, C, Kunach, M, Phoenix, S, et al. Increased brown adipose tissue oxidative capacity in cold-acclimated humans. J Clin Endocrinol Metab (2014) 99(3):E438–46. doi: 10.1210/jc.2013-3901

53. Chondronikola, M, Volpi, E, Borsheim, E, Chao, T, Porter, C, Annamalai, P, et al. Brown adipose tissue is linked to a distinct thermoregulatory response to mild cold in people. Front Physiol (2016) 7. doi: 10.3389/fphys.2016.00129

54. Hanssen, MJW, van der Lans, AAJJ, Brans, B, Hoeks, J, Jardon, KMC, Schaart, G, et al. Short-term cold acclimation recruits brown adipose tissue in obese humans. Diabetes (2016) 65(5):1179–89. doi: 10.2337/db15-1372

55. Din, MU, Raiko, J, Saari, T, Kudomi, N, Tolvanen, T, Oikonen, V, et al. Human brown adipose tissue [(15)O]O2 PET imaging in the presence and absence of cold stimulus. Eur J Nucl Med Mol Imaging (2016) 43(10):1878–86. doi: 10.1007/s00259-016-3364-y

56. Peterson, CM, Lecoultre, V, Frost, EA, Simmons, J, Redman, LM, and Ravussin, E. The thermogenic responses to overfeeding and cold are differentially regulated. Obes (Silver Spring Md) (2016) 24(1):96–101. doi: 10.1002/oby.21233

57. Acosta, FM, Martinez-Tellez, B, Sanchez-Delgado, G, Alcantara, JMA, Acosta-Manzano, P, Morales-Artacho, AJ, et al. Physiological responses to acute cold exposure in young lean men. PLoS One (2018) 13(5):e0196543. doi: 10.1371/journal.pone.0196543

58. Senn, JR, Maushart, CI, Gashi, G, Michel, R, d’Epinay, ML, Vogt, R, et al. Outdoor temperature influences cold induced thermogenesis in humans. Front In Physiol (2018) 9:1184–4. doi: 10.3389/fphys.2018.01184

59. Schlogl, M, Piaggi, P, Thiyyagura, P, Reiman, EM, Chen, K, Lutrin, C, et al. Overfeeding over 24 hours does not activate brown adipose tissue in humans. J Clin Endocrinol Metab (2013) 98(12):E1956–1960. doi: 10.1210/jc.2013-2387

60. Loh, RKC, Formosa, MF, Eikelis, N, Bertovic, DA, Anderson, MJ, Barwood, SA, et al. Pioglitazone reduces cold-induced brown fat glucose uptake despite induction of browning in cultured human adipocytes: A randomised, controlled trial in humans. Diabetologia (2018) 61(1):220–30. doi: 10.1007/s00125-017-4479-9

61. Velickovic, K, Wayne, D, Leija, HAL, Bloor, I, Morris, DE, Law, J, et al. Caffeine exposure induces browning features in adipose tissue. Vitro Vivo Sci Rep (2019) 9(1):9104. doi: 10.3389/fnins.2021.621356

62. Dulloo, AG, Duret, C, Rohrer, D, Girardier, L, Mensi, N, Fathi, M, et al. Efficacy of a green tea extract rich in catechin polyphenols and caffeine in increasing 24-h energy expenditure and fat oxidation in humans. Am J Clin Nutr (1999) 70(6):1040–5. doi: 10.1093/ajcn/70.6.1040

63. Gosselin, C, and Haman, F. Effects of green tea extracts on non-shivering thermogenesis during mild cold exposure in young men. Br J Nutr (2013) 110(2):282–8. doi: 10.1017/S0007114512005089

64. Belza, A, Frandsen, E, and Kondrup, J. Body fat loss achieved by stimulation of thermogenesis by a combination of bioactive food ingredients: A placebo-controlled, double-blind 8-week intervention in obese subjects. Int J Obes (Lond) (2007) 31(1):121–30. doi: 10.1038/sj.ijo.0803351

65. Kovacs, EM, Lejeune, MP, Nijs, I, and Westerterp-Plantenga, MS. Effects of green tea on weight maintenance after body-weight loss. Br J Nutr (2004) 91(3):431–7. doi: 10.1079/BJN20041061

66. Yoneshiro, T, Matsushita, M, Hibi, M, Tone, H, Takeshita, M, Yasunaga, K, et al. Tea catechin and caffeine activate brown adipose tissue and increase cold-induced thermogenic capacity in humans. Am J Clin Nutr (2017) 105(4):873–81. doi: 10.3945/ajcn.116.144972

67. Moonen, MPB, Nascimento, EBM, and van Marken Lichtenbelt, WD. Human brown adipose tissue: Underestimated target in metabolic disease? Biochim Biophys Acta Mol Cell Biol Lipids (2019) 1864(1):104–12. doi: 10.1016/j.bbalip.2018.05.012

68. Mehta, NM. Chapter 75 - nutrient metabolism and nutrition therapy during critical illness. In:  BP Fuhrman, and JJ Zimmerman, editors. Pediatric critical care, 4th ed. Saint Louis: Mosby (2011). p. 1073–88.

69. Redman, LM, Kraus, WE, Bhapkar, M, Das, SK, Racette, SB, Martin, CK, et al. Energy requirements in nonobese men and women: results from CALERIE. Am J Clin Nutr (2014) 99(1):71–8. doi: 10.3945/ajcn.113.065631

70. Connoley, IP, Liu, YL, Frost, I, Reckless, IP, Heal, DJ, and Stock, MJ. Thermogenic effects of sibutramine and its metabolites. Br J Pharmacol (1999) 126(6):1487–95. doi: 10.1038/sj.bjp.0702446

71. Horowitz, M, Flint, A, Jones, KL, Hindsberger, C, Rasmussen, MF, Kapitza, C, et al. Effect of the once-daily human GLP-1 analogue liraglutide on appetite, energy intake, energy expenditure and gastric emptying in type 2 diabetes. Diabetes Res Clin Pract (2012) 97(2):258–66. doi: 10.1016/j.diabres.2012.02.016

72. van Can, J, Sloth, B, Jensen, CB, Flint, A, Blaak, EE, and Saris, WH. Effects of the once-daily GLP-1 analog liraglutide on gastric emptying, glycemic parameters, appetite and energy metabolism in obese, non-diabetic adults. Int J Obes (Lond) (2014) 38(6):784–93. doi: 10.1038/ijo.2013.162

73. Dushay, J, Gao, C, Gopalakrishnan, GS, Crawley, M, Mitten, EK, Wilker, EK, et al. Short-term exenatide treatment leads to significant weight loss in a subset of obese women without diabetes. Diabetes Care (2012) 35(1):4–11. doi: 10.2337/dc11-0931

74. Bradley, DP, Kulstad, R, Racine, N, Shenker, Y, Meredith, M, and Schoeller, DA. Alterations in energy balance following exenatide administration. Appl Physiol Nutr Metab (2012) 37(5):893–9. doi: 10.1139/h2012-068

75. Bergmann, NC, Lund, A, Gasbjerg, LS, Meessen, ECE, Andersen, MM, Bergmann, S, et al. Effects of combined GIP and GLP-1 infusion on energy intake, appetite and energy expenditure in overweight/obese individuals: a randomised, crossover study. Diabetologia (2019) 62(4):665–75. doi: 10.1007/s00125-018-4810-0

76. Coskun, T, Sloop, KW, Loghin, C, Alsina-Fernandez, J, Urva, S, Bokvist, KB, et al. LY3298176, a novel dual GIP and GLP-1 receptor agonist for the treatment of type 2 diabetes mellitus: From discovery to clinical proof of concept. Mol Metab (2018) 18:3–14. doi: 10.1016/j.molmet.2018.09.009

77. Rosenbaum, M, and Leibel, RL. Adaptive thermogenesis in humans. Int J Obes (Lond) (2010) 34 Suppl 1:S47–55. doi: 10.1038/ijo.2010.184

78. Pontzer, H, Yamada, Y, Sagayama, H, Ainslie, PN, Andersen, LF, Anderson, LJ, et al. Daily energy expenditure through the human life course. Science (2021) 373(6556):808–12. doi: 10.1126/science.abe5017


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Perez, Perez, Nene, Umpierrez, Davis and Pasquel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Interventions associated with brown adipose tissue activation and the impact on energy expenditure and weight loss: A systematic review

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Search strategy

          



          		

            Inclusion and exclusion criteria

          



          		

            Identification of relevant studies

          



        



        



        		

          Results

        

          		

            Beta receptor agonists

          



          		

            Sibutramine

          



          		

            Capsinoids

          



          		

            Cold exposure

          



          		

            Thyroid hormone

          



          		

            Sildenafil

          



          		

            Caffeine/green tea extract

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-13-1037458-g002.jpg
TRPA1/TRPMS in cutaneous afferent
Neurons and dorsal root ganglion.

Cold Exposure AL e 7ok
“ Areceesiale
NS/ ,

TRH Intervention TRH TRPVI

Channels GI

Anterior Pituitary Activation of the Sympathetic
Nervous System

TSH TSH

srventi 9 /GLP-

| o Intervention Thyroid Gland ? «<——  GIP/GLP-1
(Serotonin re-uptake inhibitor and \ l
other sites of the body .
) T4 Cytokines from M2 Macrophages

'SH-R B3-AR / Levothyroxine

SICl6a2

Sibutramine
(NE re-uptake inhibitor)
T4

Uncoupling Respiration and
Thermogenesis

Glucagon agonists
SNS post-ganglionic et

ncuron

[ - Agonists

Weight Loss





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Authors  Agent Study
Design
Broeders,  Levothyroxine Longitudinal
E P.M. (synthetic study.
etal (29)  thyroid
hormone
(T4)) and cold
exposure.
Heinen, C. TRH or Randomized,
A.etal placebo and double-blind,
(30) cold exposure.  placebo
controlled,
cross-over.

Dose

137.75 +
23.75 pg/
day

400pg
TRH or
2mL
saline
and
Mild
cold
exposure
(17°C =
1°C), or
placebo.

Population

10 patients (8
females/2
males) with
well-
differentiated
thyroid
carcinoma
eligible for
surgical
treatment and
radioactive
iodine
ablation
therapy.

16 healthy
lean men.

Duration

2 conditions:
4-6 months
with
administration
of
Levothyroxine
(subclinical
hyperthyroid
state)

and
measurement
6-8 weeks after
surgical
removal of the
thyroid gland
(hypothyroid
state).

2 scans: 1-3
weeks apart.

Measurement
of EE/BAT
Activity

EE measured by
indirect
calorimetry. BAT
activity measured
using FDG-PET/
CT analysis.

BAT activity was
measured as
standardized FDG
uptake and
glucose metabolic
rate (MRglu)
measured using
dynamic PET/CT
imaging.
Measurement of
EE not specified.

EffectEE/
BAT

i

oo

Key Findings

Significant increase in RMR after
treatment in the hyperthyroid state (BMR:
3.8 + 0.5 kJ/min vs. 4.4 + 0.6 kJ/min, p =
0.012). NST increased from 15 + 10% to
25+ 6% (p = 0.009). Mean BAT activity
increased in the subclinical hyperthyroid
state (SUV of 4.0 £ 29 vs. 24 + 1.8, p =
0.039). Mean Tsk significantly lower in
hypothyroid state. High levels of thyroid
hormone are associated with a higher level
of cold activated BAT.

Experiment #1 at room temp: no
significant changes in BAT activity.
Experiment #2 at mild cold exposure: BAT
glucose uptake visibly higher in 4/9
subjects after TRH compared to placebo.
Overall effect is an increase in BAT
glucose uptake.

EE, energy expenditure; BMR, basal metabolic rate; NST, non-shivering thermogenesis; BAT, brown adipose tissue; SUV, standard uptake value; Tsk, skin temperature; TRH.
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group trial

Zemel NS-0200 Randomized,
etal (32) (combination placebo
of leucine, controlled,
metformin double
and sildenafil) blinded,
phase 2
multicenter
study

Dose

100 mg/day sildenafil
in fractionated dose
(25 mg at 8AM plus
25mg at 4PM plus
50mg at 10PM) VS
identical placebo

Placebo, Low dose
NS-0200 (1.1g
leucine/0.5g
metformin/0.5mg
sildenafil) and high
dose NS-0200 (1.1g
leucine/0.5g
metformin/Img
sildenafil)

EE, energy expenditure; RMR, resting metabolic rate.

Population Duration

16 newly diagnosed 7 days
Chinese male overweight
subjects, age 20-30

91 subjects, age 18-75, 16 weeks
BMI 25-40, stable health

and body weight for the

preceding 12 weeks,

MRI-PDFF>/= 15%,

ALT>/= 30U/L for men

and 19U/L for women.

Measurement
of energy
expenditure

Measurement of
EE not specified.

Measurement of
EE not specified

Effect on
energy
expenditure

Not specified.

Key findings

Increase from
baseline in RMR
[1465 + 196 keal/
day (pre) vs 1642 +
166 kcal/day (post),
P<0.01]. No
significant changes
in weight.

NS-0200 dose
responsively reduced
weight by 2.4kg in
the study cohort.
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Author

Schiffelers
et al. (12)

Larsen
etal. (13)

Van Baak
et al. (14)

Hoeks
et al. (15)

Sarag et al.
(16)

Redman,
etal. (17)

Rotstein
et al. (18)

Wijers
etal. (19)

Vosselman
et al. (20)

Lee et al.
@n

Cypess
et al. (22)

Onslev
et al. (23)

Jessen et al.
(24

Baskin
et al. (25)

Finlin et al.
(26)

Nahon
etal. (27)

O’Mara
etal. (28)

Agent

Isoproterenol
(1s0) (B-3
agonist),
nadolol
(NAD), and
propranolol
(PRO) (B-1/
B-2
antagonist
agent).

L 796568 (B-
3).

L 796568, (B-
3).

Dobutamine
(DOB) (B-1)
or salbutamol
(SAL) (B-2),
SAL +
Acipimox
(ACI) (lipid
lowering
agent).

Sibutramine

TAK 677 (B-
3)

Sibutramine

Cold and
Propranolol
(PRO)
(antagonistic
agent).

Cold and
Isoprenaline
(ISO) (non-
selective B-
agonist).

Formoterol

(B-2).

Mirabegron
(B-3)

Inhaled
racemic
formoterol

(B-2)

Terbutaline

(B-2).

Mirabegron

(B-3)

Mirabegron
(B-3) and
cold
exposure.

Mirabegron
(B-3) and
cold
exposure.

Mirabegron
(B-3)

Study
Design

Randomized,
single-blind,
placebo-
controlled
trial.

2-center
double blind,
randomized,
parallel-
group,
placebo
controlled.

2-center, 3-
period,
randomized,
placebo-
controlled
crossover
trial.

Randomized
cross-over
trial.

Randomized,
placebo-
controlled
trial.

Double blind,
randomized,
placebo-
controlled
trial.

Randomized,
double blind,
placebo-
controlled
trial.

Single blind,
cross-over
trial.

Single blind,
cross-over
trial.

Dose finding
study, step-
wise
incremental
design with
open label
metabolic
evaluation.

Randomized,
unblinded,
cross-over
trial.

Randomized,
double blind,
Pplacebo-
controlled
trial.

Randomized,
double blind,
placebo-
controlled
trial.

Randomized
and placebo-
controlled
trial.

Randomized
controlled
trial.

Randomized,
double-blind,
placebo
controlled
cross-over
study.

Open label
study.

Dose

1 study: 10,
20, 40 ng/
kg.min ISO
and then 2.5,
7.5, 15, or 40
mg NAD or
PRO. 2™
study: 80 mg
NAD prior to
1SO 50, 100,
200 ng/
kg.min/saline.

375 mg/day or
placebo.

250 mg, 1000
mg, placebo

4.6 mcg/kg/
min in DOB
group, 77 ng/
kg/min in SAL
group, SAL +
ACI - 2 doses
of 250 mg
ACI given
orally at time
0 and 120.

Sibutramine
10 mg daily or
placebo

0.1 mg bid
(n=21), 0.5 mg
bid (n=22), or
placebo bid
(n=22)

Sibutramine
10 mg daily or
placebo

160 mg PRO
daily and 16°C
of cold.

Increasing 1SO
for (6, 12, and
24 ng/kg/min)
for 30 mins
(doses 1 and
2) and 55 min
(dose 3). 45
min in
thermoneutral
conditions
then
individualized
cold for 2 hrs.
80, 160, 320
mcg

200 mg oral

2x 27 meg,
placebo.

8x 0.5 mg
daily or
placebo.

200 mg dose
of mirabegron.

50 mg/day of
mirabegron
for 1o weeks.

200 mg dose
of mirabegron.

100 mg dose
of mirabegron.

Population

8 male
subjects. Age
range of 19-26
yrs. Mean
BMI of 22.4
kg/m*

20 non-
diabetic, non-
smoking men
age range 25-
49 yrs. BMI
range of 28-35
kg/m®

12 healthy
overweight to
obese men.
Mean age of
344 £ 58 yrs.
and mean
BMI of 30.7 +
2.1. kg/m®

9 lean male
volunteers
with a mean
body weight
of 71.5 £ 3.2
kg and mean
BMI of 222 +
0.8 kg/m®

60 obese
women, age
between 20
and 60 yrs.
and with a
mean BMI of
25 to 40 kg/

2
m

65 obese men/
women, mean
BMI of 33.9 +
2.1 kg/m%
mean age of
314 + 0.9 yrs.

15 obese
females, age
range 24-56
yrs. And BMI
of >32 kg/m®

10 lean
subjects with a
mean BMI of
22.6 kg/m®

10 healthy
male subjects
with a mean
BMI of 21.6 +
1.6 kg/m” and
a mean age of
22.5 2.5 yrs.

4 subjects for
first part;
Mean BMI of
23 + 2 kg/m*
and age of 30
+ 4 yrs. 8 for
second part;
mean age 31
2 yrs. and
BMI 24 +1
kg/m*

12 healthy
males with a
mean age 22.2
+0.6 yrs. And
mean BMI
22.7 + 05 kg/

2
m

Nineteen
males,
fourteen
completed,
BMI of 25-36
kg/m” and age
of 21-43 yrs.

67 healthy
young men of
18-36 years of
age, BMI of
14-22 kg/m*

12 healthy,
lean men
between the
ages of 18-35.

32 lean and
obese subjects.

10 lean Dutch
south Asian
male subjects
and 10 lean
Europid male
subjects.

14 healthy
women
between the
ages of 18 and
40.

Duration

10 days total. 9
visits for the
1% study (1
with ISO and 8
with NAD or
PRO) and 1
visit for 2"
study.

28 days

4 hours

3 hours

Subjects
received
Sibutramine 10
mg daily for 12
wks. or placebo

28 days

Test under
resting, sub-
max, and max
conditions. Re-
tested under
identical
conditions
following
10mg/dy
sibutramine for
5 days.

84 hrs. 1st 36
hrs. for
baseline
measurements,
next 48 hrs.
exposed to 16°
C - once with
PRO blockade
and once
without.

Cold
experiment
followed by
1SO with a
minimum of 1
week between
both
interventions.
Then, 5
subjects
underwent an
additional ISO
experiment.

Weekly
administration
of 80, 160, and
320 meg daily
(dose finding)
followed by a
metabolic
study with a 1
wk. treatment
with 160 mcg.

28 dys between
first and last
study. Day one:
FDG-PET/CT
and
intervention.
Then, 2
imaging days
and
intervention;
with 48 hr.
wash -out in
between.

Overnight. Rest
and exercise.

4 weeks
without
concurrent
training
(n=23), with
resistance
training (n=23)
or endurance
training
(n=21);
training 3x/wk.
A screening
and up to 4
study visits,
each separated
by 248 hours
and completed
withing an 8-
week window.
Exposure to
cold (30-
minute ice
pack
application
each day for 10
days of the
upper thigh) or
treated with
mirabegron.

Three
interventions
consisting of 2-
hour cold
exposure,
mirabegron,
and placebo.

4-week
treatment.

Measurements Effect
of Energy  on EE
Expenditure

EE measured by an 1
open circuit

ventilated hood
calorimetry.

EE measured using <
indirect hood
calorimetry.

EE measured by 1
indirect calorimetry

EE measured by 1
indirect
calorimetry.

Thermogenic 1
response was

measured by using
water immersion
calorimetry.

EE measured in 1
metabolic chamber.

REE measured by <
an open circuit

indirect

calorimetry.

EE measured ;i
according to the
Weir Equation.

EE measured using 1
indirect
calorimetry.

EE measured by 1
indirect calorimetry

Measurement of EE 1
not specified.

EE and substrate 1
oxidation measured

by using indirect
calorimetry.

EE measured by -
indirect hood
calorimetry.

Measurement of EE 1
not specified.

Measurement of EE 1
not specified.

EE measured by T
indirect
calorimetry.

EE measured by 1
indirect
calorimetry.

Key Findings

Increasing dose of isoproterenol
increased EE with prior 80 mg NAD
(0.3 kg/min of EE with highest dose of
200 ng/kg.min; P< 0.05). Increase in
HR with ISO. Increasing doses of NAD
or PRO non-significantly decreased EE.
Dose of ISO required for a 25%
increase in EE averaged at 27 ng/kg.min
for each subject.

24 hr. EE for treatment and placebo
groups was 92 + 586 kJ/24 hr and 86 +
512 kJ/24 hr respectively (P > 0.05). No
major lipolytic or thermogenic effects.

EE increased significantly by 8% only
after highest dose of 1000 mg on obese
subjects. P-value not available.

EE increased approximately 13%.
Baseline EE expenditure was 5.51 +
0.30, 5.24 + 0.35, and 4.97 + 0.28 k]/
min in DOB, SAL, and SAL + ACI
respectively. After 3 hr infusion, EE
with DOB increased (0.58 + 0.20 kJ/
min (P< 0.05)); EE with SAL and SAL
+ ACI conditions increased by 0.72 +
0.12 (P< 0.001) and 0.62 + 0.12 (P<
0.001) kJ/min respectively.

Decrease in BMI with placebo by 31.5 +
2.05 kg/m” to 304 + 2.94 kg/m” (p =
0.07). BMI decreased with treatment
from 33.5 + 4.1 kg/m” to 309 + 4.8 kg/
m? (p< 0.05). Thermogenic response in
treatment changed from 1.27 + 0.29
keal/kg/h to 1.4 + 0.13 kcal/kg/h and
from 1.56 + 0.27 kcal/kg/h to 1.33 +
0.36 kcal/kg/h with placebo.
Tachycardia.

Highest dose of 0.5 mg increased EE
significantly compared to placebo
(change from baseline, +13 £ 17 vs
placebo -39 + 18 keal/d, P< 0.05). HR
elevation with the 0.5 mg dose.

REE for experimental group changed
from 1,573.3 + 145.3 keal/day before to
1,622.4 + 165.7 keal/day after. However,
most of the weight loss was achieved
via decreased energy intake. WL was
independent of EE. HR at submaximal
exercise was higher. Significance
unspecified.

EE increased from 131.5 + 1.1 W/m*
baseline to 134.4 + 1.4 W/m” with cold
and no PRO (P< 0.05). EE increased
from 125.9 + 1.4 W/m? baseline to
129.1 + 2.3 W/m” with cold and PRO
(P< 0.05). PRO decreased plasma FFA
levels.

IS0, at the highest dose of 24 ng/kg/
min, EE increased by 19.7 + 2% (P<
0.001) (1.2 kcal/min at baseline to 1.45
keal/min with ISO). Cold exposure led
to a 16% increase in EE (P< 0.001)
(1.17 £ 0.1 kcal/min baseline to 1.37 +
0.13 kecal/min with mild cold).

Doses of 80,160, and 320 mcg increased
REE in dose finding study by 13 + 2, 17
+3,and 14 £ 1%, respectively (P >
0.05). 160 mcg/day of formoterol in
metabolic study increased EE by 13 +
2% (1,500 keal/d baseline to 1,695 kcal/
d formoterol, P< 0.05). 160 mcg
formoterol/day for 1 wk increased EE
to 300 kcal/day, P > 0.05. Slight dose
dependent increase in HR only.

Significant increase in the BMR by 203
+ 40 keal/day (an increase of 13%, P =
0.001).

Increase in EE and fat oxidation. At
rest, EE and fat oxidation were 12% (p<
0.001) and 38% (p = 0.006) higher for
rac-formoterol than placebo. EE during
rest was higher with rac-formoterol
than placebo (1.55 keal/min™" vs 1.50

keal/min™; P< 0.001). P > 0.05 with
exercise. Slight HR elevation.

No change in BMR. Significantly
increased lean body mass by 1.03 kg
(p< 0.05) and 1.04 kg (p< 0.05)
compared to placebo in the habitual
and resistance training group,
respectively. No effect compared to
placebo in the endurance training
group (p > 0.05). No tachycardia.

Increased BAT activity in lean subjects.
5.8% increase in REE (4.5 kcal/hour).

Increase in WAT UCP1 activity was
1.5-fold in both lean and obese, greater
than in the cold intervention group.

Increased armpit and supraclavicular
skin temp. in Europids (+10 C, P<0.1
and +1.6 C, P<0.001 respectively) and
South Asians (+0.8 C, P<0.5 and +1.7
C, P<0.001 respectively). Increased
armpit and supraclavicular skin temp.
in Europids (+0.6 C, P<0.05 and +0.4
C, P<0.05 respectively) and South
Asians (+0.03 C, P<0.01 and +0.7 C, P<
0.01 respectively). Increased FFA levels
in Europids and South Asians (+214%,
P<0.001 and +155%, P<0.001
respectively). Cold exposure increased
REE in both Europids and South Asians
(+20%, P<0.01 and +29%, P<0.05).

Increased BAT metabolic activity (195
to 473 mL.g/mL, P = 0.039) and
increased BAT volume (72 to 149 mL,
P = 0.036) as measured by (**F-FDG)
PET/CT. Increase in the REE by 10.7%
(6.4 kcal/h, P< 0.001) with the initial
dose of mirabegron on day 1, but not
with day 28 dose. However, the baseline
REE on day 28 of 5.8% was higher
compared to the REE prior to the drug
exposure on day 1 (+82 keal/d, P =
0.01).

EE, energy expenditure; REE, resting energy expenditure; GIT, glucose-induced thermogenesis; CIT, cold-induced thermogenesis; FFA, free fatty acid; SFT, skin fold thickness; BAT, brown
adipose tissue; RMR, resting metabolic rate; HR, heart rate; TAG, triacylglycerol; UCP, uncoupling protein.





