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Abstract

:

Obesity is a leading cause of preventable death and morbidity. To elucidate the mechanisms connecting metabolically active brown adipose tissue (BAT) and metabolic health may provide insights into methods of treatment for obesity-related conditions. 18F-fluorodeoxyglucose positron emission tomography/computed tomography (18FDG-PET/CT) is traditionally used to image human BAT activity. However, the primary energy source of BAT is derived from intracellular fatty acids and not glucose. Beta-methyl-p-iodophenylpentadecanoic acid (BMIPP) is a fatty acid analogue amenable to in vivo imaging by single photon emission computed tomography/CT (SPECT/CT) when radiolabeled with iodine isotopes. In this study, we compare the use of 18FDG-PET/CT and 125I-BMIPP-SPECT/CT for fat imaging to ascertain whether BMIPP is a more robust candidate for the non-invasive evaluation of metabolically active adipose depots. Interscapular BAT, inguinal white adipose tissue (iWAT), and gonadal white adipose tissue (gWAT) uptake of 18FDG and 125I-BMIPP was quantified in mice following treatment with the BAT-stimulating drug CL-316,243 or saline vehicle control. After CL-316,243 treatment, uptake of both radiotracers increased in BAT and iWAT. The standard uptake value (SUVmean) for 18FDG and 125I-BMIPP significantly correlated in these depots, although uptake of 125I-BMIPP in BAT and iWAT more closely mimicked the fold-change in metabolic rate as measured by an extracellular flux analyzer. Herein, we find that imaging BAT with the radioiodinated fatty acid analogue BMIPP yields more physiologically relevant data than 18FDG-PET/CT, and its conventional use may be a pivotal tool for evaluating BAT in both mice and humans.
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1. Introduction


Combating obesity and obesity-related metabolic complications like diabetes mellitus, insulin resistance, or hyperlipidemia is a priority in the developed world. Before the COVID-19 pandemic, obesity was estimated to contribute to over 175,000 excess deaths per year in the United States [1]. Now, obesity is a known significant risk factor for COVID-19 mortality, particularly in younger patients [2,3,4]. Additionally, reducing obesity prevalence in the United States could lower healthcare spending [5]. Brown adipose tissue (BAT) is a mitochondrial rich and energetically demanding tissue responsible for thermogenesis and its presence has been linked to good metabolic health [6,7], making BAT a promising target for obesity-related diseases.



Histological analysis of human cadaver tissues by Juliet Heaton in 1972 revealed numerous subcutaneous and visceral depots of metabolically active fat tissue dispersed throughout the body [8]. Previously, metabolically active fat (commonly referred to as brown adipose tissue, or BAT) was thought to largely disappear after infancy in humans [9]. Heaton’s study, however, identified BAT around the deep organs at all life stages, ranging from infancy to late adulthood, as well as a wide distribution of several brown depots that recede or “whiten” with age.



The widespread use of 18FDG-PET/CT in cancer screening in the late 1990s and early 2000s renewed interest in BAT as the tissue was broadly identified across adult human populations [10,11]. Work began in earnest to characterize and manipulate BAT, and activation of this tissue by environmental or chemical stimulation has since been shown to be inversely correlated with BMI, insulin resistance, and serum triglycerides levels in humans and reduce body weight in mice [6,7]. Human subject studies often include an 18FDG-PET/CT scan to assess BAT activity [12,13]. At the time of writing, there are over 30 registered studies on Clinicaltrials.gov that include an 18FDG-PET/CT scan of BAT. Yet many known BAT depots are not reliably appreciated on 18F-FDG-PET/CT images, potentially limiting the utility of the method in fully defining the tissue. Surprisingly, 18FDG-PET/CT has never been validated against a tissue-based gold standard assay of metabolic activity despite physiologic reasons to believe that FDG uptake may not always accurately reflect BAT activity. The primary energy source of BAT is intracellular fatty acids, and glucose uptake is a downstream effect of BAT energy utilization [14]. Because BAT preferentially consumes fatty acid energy stores, a fatty acid tracer would likely be more mechanistically relevant for in vivo assessment than 18FDG.



Radioiodinated β-Methyl-p-iodophenyl-pentadecanoic acid (BMIPP) is a clinically applied radiolabeled branching long-chain fatty acid analogue that is typically used to appraise myocardial damage after an ischemic event [15]. Minimal β-oxidation of BMIPP traps the molecule in the intracellular triglyceride pool [16]. The slow metabolism of BMIPP as it accumulates in the cell makes it an excellent candidate for imaging BAT via single photon emission computed tomography (SPECT).



In addition to in vivo evaluation of classical mitochondria-dense BAT, our group has observed that 125I-BMIPP SPECT/CT also confers an advantage in visualizing white adipose that demonstrates a propensity for browning [17]. This non-classical BAT may be induced to exhibit a brown-like phenotype under cold exposure or chemical stimulation. Preclinical studies have long used the β3-adrenergic receptor agonist CL-316,243 to induce lipolysis in rodent models [18]. Depletion of triglycerides in adipose tissue enhances CD36 mediated transport of lipophilic molecules into brown adipocytes to replenish fatty acid energy stores [19]. Indeed, we have used CL-316,243 stimulation to exploit this mechanism and inspire greater BMIPP uptake in stimulated fat tissue as compared to cells or tissues that do not heavily utilize β-oxidation in their metabolic processes [17].



In this study, we directly compare 18FDG-PET/CT and 125I-BMIPP SPECT/CT imaging of adipose tissue in a CL-316,243 treated murine model against cellular bioenergetics. We hypothesized that while 18FDG and BMIPP uptake would be correlated in classical BAT, BMIPP imaging would be more sensitive than FDG for the detection of nonclassical BAT.




2. Results


2.1. Morphometric Data


Body mass did not differ between groups before receiving either CL-316,243 or saline vehicle injections (24.4 ± 0.3 g [treatment] vs. 24.4 ± 2.3 g [control], p = 0.7) or after (22.6 ± 2.3 g [treatment] vs. 23.3 ± 0.3 g [control], p = 0.3) the study period. However, percent body fat as measured by dual energy x-ray absorptiometry was decreased in treated mice following eight days of daily CL-316,243 injection (12.9 ± 1.9% vs. 18.9 ± 0.8%, p = 0.03), but not before (15.5 ± 3.0% vs. 17.1 ± 1.1%, p = 0.55).



2.1.1. Imaging Metrics


18FDG mean SUVmean was greater in the interscapular, inguinal, and gonadal fat depots of CL-316,243 treated mice than in vehicle control animals. 125I-BMIPP SUVmean was greater in interscapular and inguinal fat pads in CL-316,243 mice compared to controls. Detailed results are shown in Table 1 and representative scans in Figure 1. Within untreated animals, there was a significant difference in both FDG (p = 0.0001) and BMIPP (p = 0.0001) uptake between fat depots, with greater uptake in BAT than in iWAT or gWAT, but no substantial difference between iWAT and gWAT SUVmean. A similar pattern was observed in CL-316,243 treated animals (p < 0.0001 for FDG and p = 0.006 for BMIPP). SUVmean for FDG and BMIPP correlated in classical BAT (r = 0.82, p = 0.01) and inguinal fat (r = 0.80, p = 0.01), but not in gonadal fat (r = 0.27, p = 0.45). We also visually inspected uptake in other fat depots and noted a similar number of animals with both FDG and BMIPP uptake in the perivertebral and perirenal fat pads. Three mice had anterior abdominal subcutaneous BMIPP uptake compared to one mouse with FDG uptake in the same region. Two mice had periesophageal BMIPP uptake and no mice had FDG uptake in that area (qualitative data not shown). Quantitative autoradiography confirmed greater 125I-BMIPP uptake in CL-316,243 treated animals compared to controls in interscapular BAT (p = 0.04) and trends towards greater uptake in inguinal (p = 0.25) and gonadal (p = 0.22) fat (Figure 2).




2.1.2. Metabolic Assay


The metabolic rate was significantly increased with CL-316,243 in all fat pads (Figure 3) as determined by Seahorse flux analyzer. Within each treatment group, interscapular BAT had a higher basal metabolic rate than iWAT (p = 0.001) and gWAT (p = 0.02). There was no significant difference between the metabolic rates of iWAT and gWAT.




2.1.3. Tissue Studies


Histologic sections confirmed the type and morphology of adipose tissues used for metabolic assays (Figure 4). gWAT and iWAT depots in control animals were overwhelmingly white adipose tissue with very few multilocular fat droplets in adipocytes. In treated animals, iWAT and gWAT depots had interspersed multiloculated adipocytes. BAT depots in control animals had larger appearing fat droplets compared to treated animals. Immunohistochemistry with anti-TOMM40, a mitochondrial outer membrane protein, showed increased mitochondrial density in WAT with CL-316,243 treatment (Supplemental Figure S1a,b). Staining with anti-UCP1 in WAT showed almost no UCP1 content in control animals in contrast to robust presence of UCP1 in treated animals (Supplemental Figure S1c,d). The difference in mitochondrial density and UCP1 content between treatment and control was less pronounced in BAT compared to WAT (Supplemental Figure S1e,h).



Ucp1 mRNA content increased in treated animals compared to controls in all fat depots. The largest fold increase was in gWAT (770-fold; p < 0.0001), followed by iWAT (19-fold; p < 0.01), and BAT (2.0-fold; p = 0.01). gWAT Ucp1 absolute mRNA content in treated animals was lower than in untreated iWAT or BAT depots (Figure 5).






3. Discussion


The present study demonstrates that 125I-BMIPP and 18FDG uptake increase in BAT and WAT after treatment with the β3-agonist CL-316,243 in a manner consistent with the tissues’ metabolic activity as measured by an extracellular flux analyzer. Oxygen consumption increased 4-fold in iWAT and 1.6-fold in BAT following CL-316,243 treatment. 125I-BMIPP imaging closely resembled this pattern with a CL-316,243 induced three-fold increase and a 1.8-fold increase in iWAT and BAT uptake, respectively. 18FDG uptake was increased two-fold in iWAT by CL-316,243 and 2.8-fold in BAT. 18FDG SUVmean was also significantly greater in the gWAT of CL-316,243 treated animals than in iWAT, a surprising finding as gWAT is not considered an inducible fat depot through sympathetic innervation. There was no change in 125I-BMIPP gWAT SUVmean. These findings suggest that 125I-BMIPP may provide more specific information about thermogenic metabolic activity in adipose than 18FDG.



18FDG-PET/CT became the de facto gold standard for imaging BAT because of its widespread clinical use in oncological applications. An NIH working group released recommendations for its use and reporting in human trials [20], including application of the term “brown adipose tissue” to any region of fat with detectable UCP1-positive adipocytes, encompassing inducible BAT. A review of large oncology cohorts generated important insights into the presence of BAT and epidemiological associations in humans. Reports in the early 2000s by clinical Nuclear Medicine physicians cautioning against mistaking supraclavicular BAT FDG uptake as nodal metastases were among the earliest indications that BAT is present in a significant number of adult humans [10,11]. Subsequent retrospective studies revealed greater BAT prevalence in younger, female, and leaner adults [21,22,23]. Increased BAT prevalence in the cold winter months in adult humans has also been noted through a review of clinical 18FDG-PET/CT scans [21,24]. Repeat scanning of the same human subjects shows variable BAT prevalence ranging from 20–100% [25,26,27]. Perhaps the greatest contribution of these findings is the recognition that BAT is present in a high number of adults and, when paired with knowledge regarding BAT’s association with metabolic health in small animals, may therefore be a targetable tissue for anti-obesity and metabolic pharmaceuticals. However, the mechanisms that are necessary and sufficient for FDG retention above background levels remain poorly understood. Even in humans, investigators use the term “activated BAT” to connote the fact that tracer uptake is most often not taken up over background tissues. When it is seen, most often it is in the supraclavicular region, while other depots, such as a perirenal, retroperitoneal, mediastinal, and paravertebral, infrequently display above-background FDG retention. Findings from retrospective studies do not confirm that 18FDG-PET/CT is the best imaging method for monitoring BAT activity in research settings where a wider selection of modalities are available.



In fact, there is empirical reason to believe 18FDG-PET/CT misses a large portion of anatomical BAT in humans since repeat scanning increases the rate of detection. Theoretically, BAT 18FDG uptake is thought to occur as metabolically active adipocytes replenish their lipid pools in part with glucose [14]. Different radiotracers have been used to assess BAT activity and presence with varying levels of success. Dynamic 11C-acetate imaging identifies tissues that convert the injected tracer into CO2 through the citric acid cycle at high rates and subsequently clear the 11C as carbon dioxide. Dedicated centers with onsite cyclotrons have used 11C-acetate to identify and monitor BAT activity [14,28]. Be that as it may, widespread use of 11C-acetate in this setting is limited by the need for specialized equipment and technical expertise. Like 18FDG, 11C-acetate also will not detect quiescent BAT. Another radiotracer strategy is to measure fatty acid uptake. Labbé and colleagues showed that thermogenic adipocytes primarily use the oxidation of intracellular fatty acids to fuel energy expenditure [14] and thermogenic adipocytes take up free fatty acids through CD36 [19,29]. The free fatty acid analogue 18F-fluoro-6-thia-heptadecanoic acid (FTHA) has shown greater sensitivity for nonclassical BAT depots in rodents [14] and attainability in human studies [28,30].



A handful of studies performed by us and others demonstrate that fatty acid-based imaging of thermogenic adipose depots with BMIPP is feasible [17,31,32]. In 2018, our group anatomically mapped the fat pads in a murine model using a combination of 18FDG-PET and 125I-BMIPP-SPECT imaging at basal conditions and following β3-adrenergic stimulation or cold exposure. In our hands, small animal imaging with 123I and 125I-BMIPP has greater signal-to-noise ratio and better image quality than FTHA and identifies nonclassical BAT depots in a manner similar to FTHA [17]. However, use of BMIPP in the field is atypical. While these studies found that BMIPP-SPECT may be advantageous for identification of brown and beiging adipose, a direct comparison between FDG-PET and BMIPP-SPECT has remained absent from the literature. This study builds on our previous qualitative work to definitively show that BMIPP offers superior visualization of classical and more importantly inducible BAT.



We associated 18FDG-PET and 125I-BMIPP-SPECT signal intensity in various adipose tissues with histological sections, autoradiography, and, for the first time, mitochondrial respiration. 125I-BMIPP uptake more accurately reflected the metabolic activity of BAT and iWAT than 18FDG, which measures Glut transporter and hexokinase activity as opposed to fatty acid oxidation or lipolysis. We found that while 18FDG and 125I-BMIPP uptake are correlated in classical BAT, 125I-BMIPP-SPECT/CT also identifies more regions of nonclassical metabolically active fat in periesophageal and subcutaneous adipose tissue. We were surprised to find a marked increase in gWAT metabolic activity with treatment as this fat depot is often considered to have little potential for inducible browning. Ucp1 mRNA content and UCP1 immunohistochemistry staining also increased markedly in gWAT, indicating a true increase in the BAT phenotype. We believe this unexpected result may be due to a combination of our use of BALB/c mice, which are phenotypically leaner and typically metabolically healthier than the C57BL/6 strain [33], and the delivery of CL-316,243 by intraperitoneal injection that bathed the peritoneum with the drug. A similar phenomenon has been seen in humans with subdiaphragmatic paragangliomas [34]. 18FDG but not 125I-BMIPP uptake increased with treatment in gWAT, which may indicate that a different set of physiologic changes occur when adipose tissue is exposed to local versus systemic β3 agonism.



To date, no molecular imaging technique for quantitatively measuring BAT activity has been directly compared to a tissue-based gold-standard assay of metabolism. Our study identifies BMIPP as a relevant candidate for such a study. Based on our findings herein, we believe the field is not fully realizing the potential of BMIPP as a powerful BAT imaging tool. Both 18FDG and BMIPP share certain disadvantages, such as radiation exposure, cost, and low spatial resolution, although as modern scanners reach spatial resolutions of 7 mm or smaller, this has become a less limiting factor. The most important element in nuclear imaging remains the amount of tracer that is retained in the target tissue relative to surrounding background tissue. 18FDG uptake in fat depots is notoriously inconsistent in human subjects. Commonly advanced predictive factors for FDG accumulation in fat, such as ambient temperature, body mass, or female gender are not decisively reproducible, as the senior author has seen in his own clinical practice and is evidenced by serial scanning in humans [25,26,27]. To compensate for this shortcoming, investigators have invoked such terms as “activated brown fat” or “metabolically active fat”. Regardless, 18FDG-PET/CT identification of brown or browning fat pads is demonstrably variable.



18FDG-PET is not the only modality that has been leveraged for BAT imaging. Magnetic resonance imaging, magnetic resonance spectroscopy, near-infrared spectroscopy, infrared thermal imaging, and ultrasound are spatially limited and disproportionately concentrate on the supraclavicular fat pad [35,36,37,38]. Supraclavicular BAT tends to be most conspicuous on 18F-FDG-PET imaging, but the focus on head and neck BAT is an incomplete picture of BAT depots. In humans, metabolically active adipocytes are interspersed within white adipose depots [39,40], a pattern more like murine inducible thermogenic adipose tissue than classical interscapular BAT. Considering the distribution of metabolically active fat throughout the human body, whole body imaging is important to conduct a full and thorough investigation of the tissue. Therefore, there is an unmet need for a radiotracer that can sensitively image brown or beiging fat for measuring the impact of fat burning medications, weight loss regimens, or environmental conditions. We believe that SPECT/CT imaging with BMIPP has the potential to meet this need as a whole-body method capable of identifying more comprehensively those fat depots that are utilizing the intracellular fat stores for energy or heat production. There are now clinically available digital SPECT scanners that make whole body SPECT a practical reality (GE StarGuide, Spectrum Dynamics VERITON). BMIPP is already used clinically for the assessment of myocardial fatty acid metabolism but implementing BMIPP-SPECT for whole body fat imaging could enhance further investigation into the mechanistic relationship between various BAT depots and obesity. Moreover, 124I could be substituted for 125I in clinical imaging to take advantage of the higher sensitivity and spatial resolution of clinical PET scanners compared with SPECT scanners, and could enable dual modality PET/CT or PET/MRI studies.



Our study has limitations. First, the ex vivo and in vitro studies were not performed on the same animals as imaged due to the long 60-day half-life of 125I. However, we ran a parallel study with the same treatment exposure to demonstrate the physiologic changes underpinning our imaging results. Additionally, the study is somewhat limited by sample size. Nonetheless, the treatment protocol we used created differences in metabolic activity that are significant even with this relatively small number of animals.



The advantage of BMIPP over FDG is clear in that FDG remains mostly reliable for imaging classical BAT in rodents. We show that BMIPP is better suited for imaging inducible browning or beige adipose tissue compared with FDG. Further work will allow researchers to provide a more sensitive and informative imaging assay of BAT activity to metabolic researchers.




4. Materials and Methods


4.1. Animal Protocol


All animal studies were approved and conducted under the oversight of the University of Texas Southwestern Institutional Animal Care and Use Committee. The University of Texas Southwestern uses the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health when establishing animal research standards.



Male BALB/c mice aged eight weeks were purchased from UTSW’s internal breeding core facility. Littermates were randomly assigned to CL-316,243 treatment or saline vehicle control groups. Five animals were used for both groups in all studies, except where otherwise indicated. Animals were treated with either 1 mg/kg CL-316,243 dissolved in 100 μL normal saline or an equivalent volume of the saline vehicle via intraperitoneal injection daily for eight days. Mice were housed at ambient temperature with 12-h light/dark cycles and ad libitum access to a normal chow diet (Envigo Teklad 2016). Animals were sacrificed according to institutional approved protocol at the end of the study period. CL-316,243 treated and vehicle control pairs underwent molecular imaging with 18FDG-PET/CT and BMIPP-SPECT/CT on consecutive days at the end of the study period (Days seven and eight). A total of 10 mice (n = 5 per group) were used for all imaging studies. The imaging study design is illustrated in Figure 6.



Additionally, a parallel set of CL-316,314 treated and vehicle control animals (n = 5 per group) had their adipose tissue basal metabolic rate assessed using a Seahorse Xfe24 extracellular flux analyzer (Agilent, Santa Clara, CA, USA) on Day eight. gWAT, iWAT, and BAT were harvested from all animals for tissue studies. Fat depots used for immunohistochemistry or histology were immediately fixed in 10% neutral buffered formalin and tissue used for qPCR was snap frozen in liquid nitrogen and stored at −80 °C. Due to the long 60-day half-life of 125I, we could not perform tissue studies on mice following 125I-BMIPP injection.




4.2. Radiotracers


18F-FDG was purchased from PETNET (Dallas, TX, USA). 125I-BMIPP was prepared by the method previously described by Goodman [41].




4.3. 18F-FDG-PET/CT


Mice fasted overnight prior to 18FDG-PET/CT on an Inveon PET/CT (Siemens Molecular Imaging, Knoxville, TN, USA). On the day of scanning, mice were briefly anesthetized with isoflurane prior to injection of 3.7 MBq 18F-FDG via the lateral tail vein. They were allowed to roam in a cage during a one-hour uptake period. They were re-anesthetized and maintained under isoflurane anesthesia throughout the PET/CT. Whole body CT images were obtained at 80 kV with a focal spot of 58 μm and a binning factor of 1:4. A whole body PET was then obtained.




4.4. 125I-BMIPP-SPECT/CT


Thyroid iodine uptake was suppressed by supplementing drinking water with 1:1000 Lugol’s solution (10 g KI + 5 g I2 dissolved in 100 mL deionized water) for three days prior to scanning. Mice were fasted overnight before 125I-BMIPP-SPECT/CT. On the day of the SPECT/CT, mice were briefly anesthetized with isoflurane and injected with ~17.5 MBq 125I-BMIPP via the lateral tail vein. They were allowed to roam in a cage during a one-hour uptake period. After a one-hour uptake period, mice were re-anesthetized and kept under isoflurane anesthesia during a SPECT/CT on a NanoSPECT/CT Plus System (Mediso, Budapest, Hungary). After acquiring a localizer topogram, SPECT data was acquired with a four-detector configuration using 9-pinhole aperture plates with a resolution of 0.74 mm. A CT was then performed using 360 projections per rotation with 45 kVp, 1000 ms exposure, and a binning factor of 1:4.




4.5. Image Analysis


VivoQuant (software version 2.0, Invicro, Needham, MA, USA) and Inveon Research Workplace (software version 4.2, Siemens Medical Solutions, Knoxville, TN, USA) were used to co-register CT with SPECT and PET images, respectively, and perform image analysis. Regions of interest (ROIs) were drawn in interscapular, inguinal, and gonadal fat depots, as these are the primary sites of classical baseline BAT activity, β3-induced BAT activity, and poorly inducible BAT, respectively [17,42]. Classical interscapular BAT depots were manually contoured using BMIPP and FDG uptake and CT density as a guide. A threshold of HU −180 to −10 was applied to distinguish adipose tissue from muscle uptake [20]. Two small circular regions of interest were drawn in the inguinal fat depots immediately superior to the hip on anterior-posterior images using a regional lymph node as a guide [17]. Two small circular ROIs were drawn 45 degrees anterolateral to the superior bladder to each side in the gonadal fat pad. Examples of ROIs are in Figure 7. Mean and max standardized uptake values (SUV) were calculated in each ROI for BMIPP-SPECT/CT and 18FDG-PET/CT.




4.6. Autoradiography


Freshly dissected fat pads were placed in an optimal cutting temperature compound (Sakura Finetek USA, Torrance, CA, USA) and frozen overnight at −20 °C. A Leica (Buffalo Grove, IL) CM1950 cryostat was used to cut 20 μm slices of tissue that were placed onto glass slides. Slides were then placed on a storage phosphor screen for 2 h before image acquisition with a Cyclone Plus storage phosphor system (Perkin Elmer, Waltham, MA, USA). ROIs were drawn around adipose tissue sections in OptiQuant 5.0.0.2 (Perkin Elmer) and the density light unit (DLU)/mm2 obtained for each fat pad.




4.7. DEXA


A body composition analysis was performed with whole-body densitometry using a PIXImus densitometer (GE Lunar Corporation, Madison, WI, USA). Lunar PIXImus software version 2.10.041 was used for analysis. Animals were anesthetized with isoflurane before and during image acquisition. The densitometer was calibrated with a manufacturer-provided aluminum/Lucite phantom before each use. Total body mass, lean tissue mass and percent body fat were calculated for an ROI excluding the head, as is standard practice [43].




4.8. Metabolic Assay


Mitochondrial oxygen consumption rates (OCRs) from dissected adipose tissue depots were determined with a Seahorse XF24 Extracellular Flux Analyzer (Agilent, Santa Clara, CA, USA). Due to the low volume of the classical BAT depots, the entire left BAT pad was utilized for this assay. The right classical BAT depot was reserved for further tissue studies. Sections of the inguinal and gonadal fat depots corresponding to imaging ROIs were used. Approximately 2–4 mg interscapular BAT or 8–10 mg inguinal or gonadal adipose tissue was placed in each assay well. The assay was performed as previously described [44].




4.9. Histology and Immunohistochemistry


Fat pads were fixed, embedded, and stained for immunohistochemistry as previously described [44]. Rabbit polyclonal antibody to UCP1 (ab10983, Abcam, Cambridge, MA, USA) and TOMM40 (ab272921, Abcam) were used.




4.10. qPCR


mRNA was isolated from homogenized fat depots using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was then synthesized by reverse transcription of RNA (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems, Foster City, CA, USA) and gene expression evaluated by quantitative real-time PCR. Commercial TaqMan Universal PCR Master Mix and TaqMan Gene Expression Assay kits (Applied Biosystems) were used to determine mRNA expression levels of Ucp1 (Mm01244861_m1), Pparg2 (Mm00440940_m1), Prdm16 (Mm00712556_m1), Dio2 (Mm00515664_m1), and Srebf1 (Mm00550338_m1). Hprt (Mm03024075_m1) was used as a housekeeping gene for each assay. Tissues were prepared and analyzed as previously described [44]. Analysis could not be completed on samples from one CL-316,243-treated mouse due to technical failure.




4.11. Statistics


Values are reported as mean ± standard deviation. All data met assumptions of normality based on distribution histogram analysis. Differences between groups were compared with t-tests. Correlations between continuous variables were assessed with the Pearson correlation coefficient. All analyses were performed with SAS version 9.4 (SAS, Cary, NC, USA).





5. Conclusions


BMIPP is a promising radiotracer for quantitative BAT imaging. A logical next step to assess this radiotracer’s utility for this purpose is to compare imaging metrics with 123I-BMIPP directly to the tissue-based metabolism, which is possible because of 123I’s short half-life. Moreover, 123I is amenable to clinical imaging. An ideal imaging technique will detect BAT interspersed in WAT with high sensitivity and provide reproducible and interpretable quantitative data. Given the recent demonstration that BAT activity is an indicator of better cardiovascular health and insulin sensitivity [45], non-invasive assays that measure its activity and location may be important for determining incidence/prevalence in a population and development of therapies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms23094880/s1.





Author Contributions


Conceptualization, J.A.F., D.J.C., P.E.S. and O.K.Ö.; methodology, J.A.F., X.S., P.E.S. and O.K.Ö.; validation, J.A.F., Y.A., A.S., P.E.S. and O.K.Ö.; formal analysis, J.A.F. and A.S.; investigation, J.A.F., Y.A., A.S., G.H., F.-Y.H. and P.T.; resources, X.S., P.E.S. and O.K.Ö.; data curation, J.A.F., Y.A. and A.S.; writing—original draft preparation, J.A.F., A.S. and O.K.Ö.; writing—review and editing, all authors; visualization, J.A.F., Y.A. and A.S.; supervision, P.E.S. and O.K.Ö.; project administration, P.E.S. and O.K.Ö.; funding acquisition, J.A.F., P.E.S. and O.K.Ö. All authors have read and agreed to the published version of the manuscript.




Funding


J.A.F. received support from the RSNA Research Resident Grant (RR2024) and through the NIH T32 program (5T32EB028093-02). The purchase of the Nano-SPECT/CT Plus system was supported by a high-end instrumentation grant from the National Institutes of Health high-end shared instrumentation grant number 1S10RR029674-01. X.S. is supported in part by the Dr. Jack Krohmer Professorship. O.K.Ö. is in part supported by the Robert W. Parkey, M.D. Distinguished Professorship in Radiology. The authors also gratefully acknowledge support from K01-DK125447 (Y.A.) and R01-DK099110 (P.E.S.).




Institutional Review Board Statement


All animal studies were approved and conducted under the oversight of the University of Texas Southwestern Institutional Animal Care and Use Committee. The University of Texas Southwestern uses the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health when establishing animal research standards.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Katie Rubitschung, Arturo Velazquez, and Chen-Yang Wu for their help completing experiments.




Conflicts of Interest


The authors declare that they have no conflict of interest.




References


	



Preston, S.H.; Vierboom, Y.C.; Stokes, A. The role of obesity in exceptionally slow US mortality improvement. Proc. Natl. Acad. Sci. USA 2018, 115, 957–961. [Google Scholar] [CrossRef]

	



Bhasin, A.; Nam, H.; Yeh, C.; Lee, J.; Liebovitz, D.; Achenbach, C. Is BMI Higher in Younger Patients with COVID-19? Association between BMI and COVID-19 Hospitalization by Age. Obesity 2020, 28, 1811–1814. [Google Scholar] [CrossRef]

	



Busetto, L.; Bettini, S.; Fabris, R.; Serra, R.; Dal Pra, C.; Maffei, P.; Rossato, M.; Fioretto, P.; Vettor, R. Obesity and COVID-19: An Italian Snapshot. Obesity 2020, 28, 1600–1605. [Google Scholar] [CrossRef] [PubMed]

	



Deng, M.; Qi, Y.; Deng, L.; Wang, H.; Xu, Y.; Li, Z.; Meng, Z.; Tang, J.; Dai, Z. Obesity as a Potential Predictor of Disease Severity in Young COVID-19 Patients: A Retrospective Study. Obesity 2020, 28, 1815–1825. [Google Scholar] [CrossRef]

	



Suehs, B.T.; Kamble, P.; Huang, J.; Hammer, M.; Bouchard, J.; Costantino, M.E.; Renda, A. Association of obesity with healthcare utilization and costs in a Medicare population. Curr. Med. Res. Opin. 2017, 33, 2173–2180. [Google Scholar] [CrossRef]

	



Xiao, C.; Goldgof, M.; Gavrilova, O.; Reitman, M.L. Anti-obesity and metabolic efficacy of the β3-adrenergic agonist, CL316243, in mice at thermoneutrality compared to 22 °C. Obesity 2015, 23, 1450–1459. [Google Scholar] [CrossRef] [PubMed]

	



Lynes, M.D.; Leiria, L.O.; Lundh, M.; Bartelt, A.; Shamsi, F.; Huang, T.L.; Takahashi, H.; Hirshman, M.F.; Schlein, C.; Lee, A.; et al. The cold-induced lipokine 12,13-diHOME promotes fatty acid transport into brown adipose tissue. Nat. Med. 2017, 23, 631–637. [Google Scholar] [CrossRef]

	



Heaton, J.M. The distribution of brown adipose tissue in the human. J. Anat. 1972, 112, 35–39. [Google Scholar]

	



Gilsanz, V.; Hu, H.H.; Kajimura, S. Relevance of brown adipose tissue in infancy and adolescence. Pediatr. Res. 2013, 73, 3–9. [Google Scholar] [CrossRef] [PubMed]

	



Cohade, C.; Osman, M.; Pannu, H.K.; Wahl, R.L. Uptake in supraclavicular area fat (“USA-Fat”): Description on 18F-FDG PET/CT. J. Nucl. Med. 2003, 44, 170–176. [Google Scholar] [PubMed]

	



Hany, T.F.; Gharehpapagh, E.; Kamel, E.M.; Buck, A.; Himms-Hagen, J.; von Schulthess, G.K. Brown adipose tissue: A factor to consider in symmetrical tracer uptake in the neck and upper chest region. Eur. J. Nucl. Med. Mol. Imaging 2002, 29, 1393–1398. [Google Scholar] [CrossRef]

	



Cypess, A.M.; Weiner, L.S.; Roberts-Toler, C.; Franquet Elía, E.; Kessler, S.H.; Kahn, P.A.; English, J.; Chatman, K.; Trauger, S.A.; Doria, A.; et al. Activation of human brown adipose tissue by a β3-adrenergic receptor agonist. Cell Metab. 2015, 21, 33–38. [Google Scholar] [CrossRef]

	



Finlin, B.S.; Memetimin, H.; Confides, A.L.; Kasza, I.; Zhu, B.; Vekaria, H.J.; Harfmann, B.; Jones, K.A.; Johnson, Z.R.; Westgate, P.M.; et al. Human adipose beiging in response to cold and mirabegron. JCI Insight 2018, 3, e121510. [Google Scholar] [CrossRef]

	



Labbé, S.M.; Caron, A.; Bakan, I.; Laplante, M.; Carpentier, A.C.; Lecomte, R.; Richard, D. In vivo measurement of energy substrate contribution to cold-induced brown adipose tissue thermogenesis. FASEB J. 2015, 29, 2046–2058. [Google Scholar] [CrossRef]

	



Nakata, T.; Hashimoto, A.; Eguchi, M. Cardiac BMIPP imaging in acute myocardial infarction. Int. J. Card. Imaging 1999, 15, 21–26. [Google Scholar] [CrossRef]

	



Knapp, F.F., Jr.; Kropp, J. BMIPP-design and development. Int. J. Card. Imaging 1999, 15, 1–9. [Google Scholar] [CrossRef]

	



Zhang, F.; Hao, G.; Shao, M.; Nham, K.; An, Y.; Wang, Q.; Zhu, Y.; Kusminski, C.M.; Hassan, G.; Gupta, R.K.; et al. An Adipose Tissue Atlas: An Image-Guided Identification of Human-like BAT and Beige Depots in Rodents. Cell Metab. 2018, 27, 252–262. [Google Scholar] [CrossRef]

	



Umekawa, T.; Yoshida, T.; Sakane, N.; Kondo, M. Effect of CL316,243, a highly specific beta(3)-adrenoceptor agonist, on lipolysis of epididymal, mesenteric and subcutaneous adipocytes in rats. Endocr. J. 1997, 44, 181–185. [Google Scholar] [CrossRef]

	



Calderon-Dominguez, M.; Mir, J.F.; Fucho, R.; Weber, M.; Serra, D.; Herrero, L. Fatty acid metabolism and the basis of brown adipose tissue function. Adipocyte 2015, 5, 98–118. [Google Scholar] [CrossRef]

	



Chen, K.Y.; Cypess, A.M.; Laughlin, M.R.; Haft, C.R.; Hu, H.H.; Bredella, M.A.; Enerbäck, S.; Kinahan, P.E.; Lichtenbelt, W.V.; Lin, F.I.; et al. Brown Adipose Reporting Criteria in Imaging STudies (BARCIST 1.0): Recommendations for Standardized FDG-PET/CT Experiments in Humans. Cell Metab. 2016, 24, 210–222. [Google Scholar] [CrossRef]

	



Brendle, C.; Werner, M.K.; Schmadl, M.; la Fougère, C.; Nikolaou, K.; Stefan, N.; Pfannenberg, C. Correlation of Brown Adipose Tissue with Other Body Fat Compartments and Patient Characteristics: A Retrospective Analysis in a Large Patient Cohort Using PET/CT. Acad. Radiol. 2018, 25, 102–110. [Google Scholar] [CrossRef]

	



Bos, S.A.; Gill, C.M.; Martinez-Salazar, E.L.; Torriani, M.; Bredella, M.A. Preliminary investigation of brown adipose tissue assessed by PET/CT and cancer activity. Skelet. Radiol. 2019, 48, 413–419. [Google Scholar] [CrossRef]

	



Steinberg, J.D.; Vogel, W.; Vegt, E. Factors influencing brown fat activation in FDG PET/CT: A retrospective analysis of 15,000+ cases. Br. J. Radiol. 2017, 90, 20170093. [Google Scholar] [CrossRef]

	



Bauwens, M.; Wierts, R.; van Royen, B.; Bucerius, J.; Backes, W.; Mottaghy, F.; Brans, B. Molecular imaging of brown adipose tissue in health and disease. Eur. J. Nucl. Med. Mol. Imaging 2014, 41, 776–791. [Google Scholar] [CrossRef]

	



Lee, P.; Greenfield, J.R.; Ho, K.K.; Fulham, M.J. A critical appraisal of the prevalence and metabolic significance of brown adipose tissue in adult humans. Am. J. Physiol. Endocrinol. Metab. 2010, 299, E601–E606. [Google Scholar] [CrossRef]

	



Blondin, D.P.; Labbé, S.M.; Turcotte, E.E.; Haman, F.; Richard, D.; Carpentier, A.C. A critical appraisal of brown adipose tissue metabolism in humans. Clin. Lipidol. 2015, 10, 259–280. [Google Scholar] [CrossRef]

	



Ong, F.J.; Ahmed, B.A.; Oreskovich, S.M.; Blondin, D.P.; Haq, T.; Konyer, N.B.; Noseworthy, M.D.; Haman, F.; Carpentier, A.C.; Morrison, K.M.; et al. Recent advances in the detection of brown adipose tissue in adult humans: A review. Clin. Sci. 2018, 132, 1039–1054. [Google Scholar] [CrossRef]

	



Ouellet, V.; Labbé, S.M.; Blondin, D.P.; Phoenix, S.; Guérin, B.; Haman, F.; Turcotte, E.E.; Richard, D.; Carpentier, A.C. Brown adipose tissue oxidative metabolism contributes to energy expenditure during acute cold exposure in humans. J. Clin. Investig. 2012, 122, 545–552. [Google Scholar] [CrossRef]

	



Frankl, J.; Sherwood, A.; Clegg, D.J.; Scherer, P.E.; Öz, O.K. Imaging Metabolically Active Fat: A Literature Review and Mechanistic Insights. Int. J. Mol. Sci. 2020, 20, 5509. [Google Scholar] [CrossRef]

	



Dadson, P.; Hannukainen, J.C.; Din, M.U.; Lahesmaa, M.; Kalliokoski, K.K.; Iozzo, P.; Pihlajamäki, J.; Karlsson, H.K.; Parkkola, R.; Salminen, P.; et al. Brown adipose tissue lipid metabolism in morbid obesity: Effect of bariatric surgery-induced weight loss. Diabetes Obes. Metab. 2018, 20, 1280–1288. [Google Scholar] [CrossRef]

	



Putri, M.; Syamsunarno, M.R.; Iso, T.; Yamaguchi, A.; Hanaoka, H.; Sunaga, H.; Koitabashi, N.; Matsui, H.; Yamazaki, C.; Kameo, S.; et al. CD36 is indispensable for thermogenesis under conditions of fasting and cold stress. Biochem. Biophys. Res. Commun. 2015, 20, 520–525. [Google Scholar] [CrossRef]

	



Syamsunarno, M.R.; Iso, T.; Yamaguchi, A.; Hanaoka, H.; Putri, M.; Obokata, M.; Sunaga, H.; Koitabashi, N.; Matsui, H.; Maeda, K.; et al. Fatty Acid Binding Protein 4 and 5 Play a Crucial Role in Thermogenesis under the Conditions of Fasting and Cold Stress. PLoS ONE 2014, 9, e90825. [Google Scholar] [CrossRef]

	



Schreyer, S.A.; Wilson, D.L.; LeBoeuf, R.C. C57BL/6 mice fed high fat diets as models for diabetes-accelerated atherosclerosis. Atherosclerosis 1998, 136, 17–24. [Google Scholar] [CrossRef]

	



Ogawa, Y.; Abe, K.; Sakoda, A.; Onizuka, H.; Sakai, S. FDG-PET and CT findings of activated brown adipose tissue in a patient with paraganglioma. Eur. J. Radiol. Open 2018, 5, 126–130. [Google Scholar] [CrossRef]

	



Wu, M.; Junker, D.; Branca, R.T.; Karampinos, D.C. Magnetic Resonance Imaging Techniques for Brown Adipose Tissue Detection. Front. Endocrinol. 2020, 11, 421. [Google Scholar] [CrossRef]

	



Hamaoka, T.; Nirengi, S.; Fuse, S.; Amagasa, S.; Kime, R.; Kuroiwa, M.; Endo, T.; Sakane, N.; Matsushita, M.; Saito, M.; et al. Near-Infrared Time-Resolved Spectroscopy for Assessing Brown Adipose Tissue Density in Humans: A Review. Front. Endocrinol. 2020, 11, 13. [Google Scholar] [CrossRef]

	



Oyama, S.; Arslanian, K.J.; Levy, S.B.; Ocobock, C.J.; Fidow, U.T.; Naseri, T.; Hawley, N.L. Feasibility of using infrared thermal imaging to examine brown adipose tissue in infants aged 18 to 25 months. Ann. Hum. Biol. 2021, 48, 374–381. [Google Scholar] [CrossRef]

	



Flynn, A.; Li, Q.; Panagia, M.; Abdelbaky, A.; MacNabb, M.; Samir, A.; Cypess, A.M.; Weyman, A.E.; Tawakol, A.; Scherrer-Crosbie, M. Contrast-Enhanced Ultrasound: A Novel Noninvasive, Nonionizing Method for the Detection of Brown Adipose Tissue in Humans. J. Am. Soc. Echocardiogr. 2015, 28, 1247–1254. [Google Scholar] [CrossRef]

	



Cypess, A.M.; White, A.P.; Vernochet, C.; Schulz, T.J.; Xue, R.; Sass, C.A.; Huang, T.L.; Roberts-Toler, C.; Weiner, L.S.; Sze, C.; et al. Anatomical localization, gene expression profiling and functional characterization of adult human neck brown fat. Nat. Med. 2013, 19, 635–639. [Google Scholar] [CrossRef]

	



Shinoda, K.; Luijten, I.H.; Hasegawa, Y.; Hong, H.; Sonne, S.B.; Kim, M.; Xue, R.; Chondronikola, M.; Cypess, A.M.; Tseng, Y.H. Genetic and functional characterization of clonally derived adult human brown adipocytes. Nat. Med. 2015, 21, 389–394. [Google Scholar] [CrossRef]

	



Goodman, M.M.; Kirsch, G.; Knapp, F.F., Jr. Synthesis and evaluation of radioiodinated terminal p-iodophenyl-substituted alpha- and beta-methyl-branched fatty acids. J. Med. Chem. 1984, 27, 390–397. [Google Scholar] [CrossRef]

	



Reber, J.; Willershäuser, M.; Karlas, A.; Paul-Yuan, K.; Diot, G.; Franz, D.; Fromme, T.; Ovsepian, S.V.; Bézière, N.; Dubikovskaya, E. Non-invasive Measurement of Brown Fat Metabolism Based on Optoacoustic Imaging of Hemoglobin Gradients. Cell Metab. 2018, 27, 689–701.e4. [Google Scholar] [CrossRef]

	



Ford, J.; Hajibeigi, A.; Long, M.; Hahner, L.; Gore, C.; Hsieh, J.T.; Clegg, D.; Zerwekh, J.; Öz, O.K. GPR30 deficiency causes increased bone mass, mineralization, and growth plate proliferative activity in male mice. J. Bone Miner. Res. 2011, 26, 298–307. [Google Scholar] [CrossRef]

	



Kusminski, C.M.; Holland, W.L.; Sun, K.; Park, J.; Spurgin, S.B.; Lin, Y.; Askew, G.R.; Simcox, J.A.; McClain, D.A.; Li, C.; et al. MitoNEET-driven alterations in adipocyte mitochondrial activity reveal a crucial adaptive process that preserves insulin sensitivity in obesity. Nat. Med. 2012, 18, 1539–1549. [Google Scholar] [CrossRef]

	



Becher, T.; Palanisamy, S.; Kramer, D.J.; Eljalby, M.; Marx, S.J.; Wibmer, A.G.; Butler, S.D.; Jiang, C.S.; Vaughan, R.; Schöder, H.; et al. Brown adipose tissue is associated with cardiometabolic health. Nat. Med. 2021, 27, 58–65. [Google Scholar] [CrossRef]








[image: Ijms 23 04880 g001 550] 





Figure 1. Representative sagittal 18FDG-PET/CT of a CL-316,243 treated (a) and vehicle control (b) mouse and 125I-BMIPP-SPECT/CT of a CL-316,243 (c) and vehicle (d) mouse (n = 5). The classical interscapular fat pad is circled in image (a), cardiac uptake is indicated with orange arrows in (a,d), and prevertebral and anterior abdominal fat uptake indicated with yellow arrows in (c). Extensive hepatic, gastrointestinal, and mediastinal background uptake was seen with BMIPP but not FDG. 
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Figure 2. Autoradiography of 125I-BMIPP in bilateral BAT depots of vehicle treated control (a) and CL-316,243 treated (b) mice. The area of each BAT pad is delineated by the dashed perimeters. Scalebar is represented in digital light units (DLU)/mm2. 
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Figure 3. Basal metabolic rate from selected fat pads in CL-316,243 treated and vehicle mice. CL-316,243 treatment increased the metabolic rate significantly in all fat pads, n = 5 for all groups (* indicates p < 0.05, *** p < 0.001). 
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Figure 4. Histology demonstrates increased brown phenotype in mice treated with CL-316,243. 20× Representative H&E stained sections from control (a) and treated (b) gWAT, control (c) and treated (d) iWAT, and control (e) and treated (f) BAT. Note the increased multilocular adipocytes in treated gWAT and iWAT compared to control and decreased lipid droplet size in treated versus control BAT. 
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Figure 5. Relative quantification (RQ) of assayed genes. Values were normalized to mRNA expression in gWAT of vehicle mice. Data are reported as the mean expression value with 95% CI in vehicle (n = 5) and CL-316,243 treated mice (n = 4). RQ is shown on a logarithmic scale. 
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Figure 6. Imaging study protocol schematic. Mice were randomized to treatment with CL-316,243 or vehicle control injections with normal saline. Dual energy X-ray absorptiometry (DEXA) was performed on Days one and eight to assess body fat composition. 18FDG-PET/CT was performed on Day seven and BMIPP-SPECT/CT on Day eight. Animals were sacrificed after SPECT/CT for autoradiography. 
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Figure 7. Examples of ROIs on an 18FDG-PET/CT in (a) classical interscapular BAT, (b) inguinal WAT, and (c) gonadal WAT. Yellow arrows indicate spherical ROIs positioned within the iWAT and gWAT depots in (b,c). 






Figure 7. Examples of ROIs on an 18FDG-PET/CT in (a) classical interscapular BAT, (b) inguinal WAT, and (c) gonadal WAT. Yellow arrows indicate spherical ROIs positioned within the iWAT and gWAT depots in (b,c).



[image: Ijms 23 04880 g007]







[image: Table] 





Table 1. Mean FDG and BMIPP SUVs in selected adipose tissue depots *.
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Fat Pad

	
FDG SUVmean

	
p

	
BMIPP SUVmean

	
p




	
CL-316,243

	
Vehicle

	
CL-316,243

	
Vehicle






	
Interscapular

	
1.88 ± 0.64

	
0.68 ± 0.25

	
0.008

	
5.95 ± 1.44

	
3.34 ± 1.17

	
0.03




	
Inguinal

	
0.196 ± 0.035

	
0.096 ± 0.050

	
0.01

	
1.99 ± 0.77

	
0.67 ± 0.44

	
0.01




	
Gonadal

	
0.268 ± 0.103

	
0.092 ± 0.062

	
0.02

	
0.608 ± 0.208

	
0.429 ± 0.140

	
0.19








* Means compared with t-tests, n = 5.
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