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Abstract

Background—We have investigated β3-adrenoceptor agonist mediated brown adipose tissue 

(BAT) activation using 18F-FDG PET/CT in Zucker lean (ZL) and obese (ZF) rats.

Methods—18F-FDG was injected into ZL and ZF rats pretreated with saline or agonist 

CL316,243 for scans. 18F-FDG metabolic activity was computed as standard uptake values.

Results—CL316,243 in ZL activated BAT up to 4-fold compared to saline, while ZF BAT was 

only up by 2 fold. The decreased activation was consistent with lower β3-adrenoceptor levels in 

ZF rats.

Conclusions—The genetically modified ZL and ZF rats may provide a useful rat model to 

evaluate the significance of β3-adrenoceptor agonist-induced BAT activation in obesity.
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Introduction

β3 adrenergic receptor, or adrenoceptor induced activation of brown adipose tissue (BAT) is 

being explored as a potential therapeutic mechanism for obesity since BAT regulate the 

breakdown of lipids and glucose [1]. Activated BAT may thus have therapeutic potential to 

combat both diabetes and obesity with its ability to reduce plasma triglyceride levels [2]. 

CL316,243, a β3-adrenoceptor selective agonist, has been shown to enhance the uptake 

of 18F-FDG in BAT of normal rats [3] and mice [4,5]. More recently another β3-
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adrenoceptor agonist, mirabegron, has been shown to activate BAT in rats [6] and humans 

[7]. Thus, β3-adrenoceptor agonists enhance 18F -FDG uptake in BAT in vivo, signifying 

higher thermogenesis and a possible therapeutic role of these agonists for reducing diabetes 

and obesity.

Since BAT is activated in humans by β3-adrenoceptor agonist mirabegron [7] and the 

observation that repeat administration of β3-adrenoceptor agonist CL316,243 in rodents can 

induce white adipose tissue (WAT) browning [5], therapeutic potential of these drugs for 

weight reduction by enhancing thermogenesis in both rats and humans is plausible. 

Furthermore, therapeutic efficacy of these drugs may be evaluated by 18F-FDG PET in 

longitudinal studies [5]. The genetically modified Zucker obese (fa/fa) and lean (Fa/Fa) rat 

provides a useful rat model to evaluate the significance of β3-adrenoceptor agonist-induced 

BAT activation for weight reduction.

In order to evaluate this β3-adrenoceptor agonist induced thermogenesis effect in the obesity 

model, we used the obese Zucker (fa/fa) rat (ZF) and compared it to the lean Zucker (Fa/Fa) 

rat (ZL). Brain 18F -FDG PET studies in the ZF model have been reported to study the 

central effects of leptin-receptor deficiency [8,9]. However, there are no reports of 18F –

FDG PET studies of BAT in the ZF rat. We report our preliminary findings of CL316,243 

induced 18F -FDG uptake in BAT using PET/CT studies in this ZF rat model.

Methods

Radioactivity was counted using a CRC-R dose calibrator (Capintec, Inc., Ramsey, NJ, 

USA). An Inveon PET/CT scanner (Siemens Medical Solutions, Inc., Malvern, PA, USA) 

was used in docked mode for PET/CT scans. All images were analyzed using ASIPro VM 

and Inveon Research Workplace (Siemens Medical Solutions, Inc.). All animal studies were 

approved by the Institutional Animal Health Care and Use Committee of the University of 

California – Irvine. Adult male Zucker rats (ZL and ZF, n=2 each) purchased from Harlan 

Laboratories, Inc., Placentia, CA, USA) were housed under controlled temperature of 22°C

±1°C. All rats were fasted for 24h before 18F-FDG administration. Either CL316,243 (2 

mg/kg; Tocris Bioscience, Ellisville, MO, USA; [3]) or normal saline was administered 30 

minutes before 18F-FDG administration. After 18F-FDG (15 to 22 MBq) administration 

intravenously, the rats were awake for 60 minutes. All saline and CL316,243-treated rats 

were placed in a supine position in a rat holder and anesthetized using 2% isoflurane and 

then maintained under anesthesia for upper-body PET and CT imaging (4 ZL scans and 4 ZF 

scans; all saline scans were carried out prior to CL316243 scans in order to avoid any 

residual drug effects). The rat holder was placed on the PET/CT bed, and all animals had a 

CT scan after the PET scan for attenuation correction and anatomical delineation of PET 

images. For quantitative PET analysis, regions of interest (ROIs) were drawn on respective 

PET images using ASIPro and IRW. The ROIs were delineated visually by contouring 

the 18F-FDG activity that was clearly above the normal background activity. The magnitude 

of BAT 18F-FDG activation was expressed as standard uptake value (SUV) which was 

defined as the average 18F-FDG activity in each volume of interest [VOI] (KBq/cm3) 

divided by the injected dose (MBq) times the body weight of each animal (Kg). The SUVs 

were thus expressed in the units of (KBq/cm3/(MBq/Kg)). Hounsfield units of the BAT 
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areas were computed from the CT scans. Statistical differences between groups were 

determined using students t test. A p value of <0.05 was considered to indicate statistical 

significance.

Results

Fasted ZL rats exhibited highest 18F-FDG uptake in the brain followed by the various BAT 

regions, interscapular BAT (IBAT), cervical BAT and periaortic BAT (Fig-1 A–C). The 

IBAT was visualized in the CT image surrounded by white adipose tissue (WAT) (Fig-1A) 

with CT measures of −68±6 HU for IBAT and −181±2 HU for WAT (Table-1). These 

values for IBAT and WAT were similar to that measured in the Sprague-Dawley rats [10]. 

The CT of the ZF rats (Fig-1D) had a distinctly lower density for IBAT (−253±10 HU; p 

<0.05 compared to ZL) which was comparable to WAT of the ZL rats. The SUV values 

of 18F-FDG uptake in the BAT regions was 1.5±0.2 in IBAT, 1.1±0.2 in periaortic and 

0.6±0.02 in cervical and is consistent with those found in normal Sprague Dawley rats [3]. 

The uptake of 18F-FDG in the IBAT region of the ZF was diffused as seen in Fig-1E with an 

SUV of 0.8±0.04 which is approx. 56% of that measured in the ZL rat (Fig-1G).

Pretreatment with CL 316,243 was well tolerated in all the animals. The ZL rats showed 

significant increase of 18F-FDG in all the BAT regions (Fig-2A). A two- to four-fold 

increase occurred in all the BAT regions as a result of activation by the β3 adrenoceptor 

agonist in the lean rats (Table-1). The increase in the Zucker rats is consistent with our 

findings in the Sprague Dawley rats, although the magnitude of the increase is smaller [3]. 

In the ZF rat, while there was an increase in 18F-FDG uptake in the BAT regions, IBAT 

showed only a marginal increase of 15% (Fig-2C; Table-1). Cervical and periaortic BAT 

showed greater increases after treatment with CL 316,243, but were still lower than that 

measured for the ZL rats. No significant change in opacity was observed in the CT scans in 

both the lean and fat rats after a single dose of CL 316,243 compared to the saline treated 

scans (Table-1).

In both the ZL and ZF rats, under baseline conditions with saline preinjections, brain uptake 

of 18F-FDG was higher than BAT regions (Table-1). The ZF rat showed an approx. 

85% 18F-FDG uptake of that found in the lean rat. With the CL 316,243 preinjections, the 

brain uptake of both the lean and fat were similar (Fig-2E). CL 316,243 induced a greater 

decrease in 18F-FDG brain uptake in the ZL rats (70% of saline), similar to our previous 

findings with Sprague-Dawley rats [3]. The 18F-FDG brain uptake of the ZF rat on the other 

hand decreased to 82%, compared to saline pretreated rats.

Discussion

Our findings show a reduced thermogenic effect of BAT in the ZF rat model compared to 

the ZL model. There was less IBAT activity observed in the ZF rat, which may be due to the 

lower levels of β3 adrenoceptors present in the ZF rats compared to the ZL rats [11]. 

Various abnormalities such as central metabolism regulation in the tissue and 

neuroendocrine metabolism may also contribute to BAT thermogenesis impairment [11]. 

Adrenalectomy in obese rats, according to another previous study, was able to restore 
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normal BAT thermogenesis, with abnormal thermogenesis initially due to anomalous 

responses to glucocorticoids and sympathetic stimuli [12]. It was further suggested that an 

adrenal factor, most plausibly insulin, plays a role in down regulation of β3 adrenoceptor 

mRNA levels; therefore, with adrenalectomy, reverse effects are seen in the ZF rat. In this 

leptin-receptor deficient fa/fa model, the coupling of the β3 adrenoceptors with the G-

protein is reportedly reduced in white adipocytes as well [13]. Thus, in saline-treated 

condition, the significantly lower IBAT activity in the ZF rats is most likely related to the 

down regulation of β3 adrenoceptors.

Consistent with our previous observations with Sprague-Dawley rats [3], quantifiable BAT 

activation was measured in the ZL rat model in the presence of the agonist CL316,243 due 

to activation of β3 adrenoceptors. Despite the lower β3-adrenoceptor levels and reduced G-

protein coupling in the ZF rat model, the agonist CL316,243 had some measureable effects 

on BAT. Although IBAT, cervical and periaortic BAT had increased 18F-FDG uptake, the 

change was not significant. The CT scans showed a significantly low opacity in ZF 

compared to ZL, suggesting low abundance of brown adipocytes in the IBAT region, 

consistent with the lower 18F-FDG uptake. Although no significant effect of an acute dose 

of CL316,243 in the CT scans was noted in either ZL or ZF (Table-1), repeat injection 

studies of the agonist CL316,243 may be useful to evaluate potential conversion of white 

adipocytes to beige or brown adipocytes as previously reported [5]. Difficulties in precise 

delineation of the BAT regions (IBAT, cervical and periaortic) and WAT using the CT scans 

in the ZF rats contributed to the lower significance of some of the PET and CT measures.

There is renewed focus on the development of therapeutics to restore leptin receptor 

function in order to address human obesity [14]. Our preliminary findings from the leptin-

receptor deficient fa/fa rat model demonstrate that the residual β3 adrenoceptors conserved 

in this rat model are functional with respect to enhancing metabolic activity. The sensitivity 

to detect this enhanced BAT metabolic activity via the β3-adrenoceptors of 18F-FDG 

PET/CT method may therefore be useful in the development and evaluation of novel 

treatment strategies targeting the leptin receptor pathways.
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Figure 1. Uptake of 18F-FDG in saline pretreated rats
CT (A), PET (B) and coregistered PET-CT (C) image of ZL rats pretreated with saline 

showing uptake of 18F-FDG in the IBAT, cervical and periaortic area. CT (D), PET (E) and 

coregistered PET-CT (F) image of ZF rats pretreated with saline showing uptake of 18F-

FDG in the IBAT, cervical and periaortic area. (G) Graph showing a comparison in uptake 

of 18F-FDG in lean versus fat rats pretreated with saline for the IBAT (p <0.05, asterisk), 

cervical and periaortic area.
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Figure 2. Uptake of 18F-FDG in CL316,243 pretreated rats
PET (A,C) and coregistered PET-CT (B,D) image of ZF and ZL rats pretreated with 

CL316,243, respectively showing uptake of 18F-FDG in the IBAT, cervical and periaortic 

area. (E) Graph showing a comparison in uptake of 18F-FDG in lean versus fat rats 

pretreated with CL316,243 for the IBAT (p <0.05, asterisk), cervical and periaortic area.
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