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Abstract

Brown adipose tissue (BAT) and stimulating adaptive thermogenesis have been implicated as anti-

obese and anti-diabetic tissues due to their ability to dissipate energy as heat by the expression of 

UCP1. We have recently demonstrated that TRB3 impairs differentiation of brown preadipocytes 

via inhibiting insulin signaling. However, the roles of the protein in BAT function and 

thermogenesis in vivo have not yet been established. For this study we tested the hypothesis that 

TRB3 mediates obesity- and diabetes-induced impairments in BAT differentiation and function, 

and that inhibition of TRB3 improves BAT function. TRB3 expression was increased in BAT from 

high-fat fed mice and ob/ob mice, which was associated with decreased UCP1 expression. 

Incubation of brown adipocytes with palmitate increased TRB3 expression and decreased UCP1. 

Knockout of TRB3 in mice displayed higher UCP1 expression in BAT and cold resistance. 

Incubation of brown adipocytes with ER stressors increased TRB3 but decreased UCP1 and ER 

stress markers were elevated in BAT from high-fat fed mice and ob/ob mice. Finally, high-fat 

feeding in TRB3KO mice were protected from obesity-induced glucose intolerance and displayed 

cold resistance and higher expression of BAT-specific markers. These data demonstrate that high-

fat feeding and obesity increase TRB3 in BAT, resulting in impaired tissue function.
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INTRODUCTION

Brown adipose tissue plays an important role in both basal and inducible energy expenditure 

in the form of thermogenesis through the expression of the tissue-specific uncoupling 
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protein (UCP1)[1] and adaptive thermogenesis have been thought to prevent or treat obesity 

and diabetes [2], the idea of which has been well established in rodent studies. Activation of 

UCP1 decreases in ATP production resulting in regulation of fuel metabolism and fatty acid 

oxidation is necessary for UCP1 function and BAT [3], suggesting the BAT as an anti-obese 

and anti-diabetic tissue.

TRB3 is a member of the Tribbles family that lacks catalytically active kinase domains [4]. 

TRB3 is highly conserved through the evolutionary process and has numerous functions, 

including cell cycle regulation, apoptosis, differentiation, and metabolism [5–13]. TRB3 

interacts with its target proteins, regulating their activities or functions [5,7,14,15]. In liver, 

TRB3 inhibits Akt through direct binding and therefore results in impaired insulin signaling, 

decreased glycogen content, and increased hepatic glucose output [9,10]. Our laboratory and 

other groups have recently shown the expression of TRB3 in skeletal muscle [7,16–20]. Our 

previous studies found that TRB3 in skeletal muscle regulates metabolism and tissue mass 

via interaction with Akt [12,21,22]. The role of TRB3 in BAT has less been understood and 

remained to be elucidated. Our recent study demonstrated that TRB3 inhibits BAT 

differentiation and function by suppressing Akt and insulin signaling [23]. However, the 

roles of the protein in BAT function and thermogenesis in vivo have not yet been 

established.

In the current study we tested the hypothesis that that TRB3 mediates obesity- and diabetes-

induced impairments in BAT differentiation and function, and that inhibition of TRB3 

improves BAT function. We found that TRB3 expression is increased in BAT from high-fat 

fed mice and ob/ob mice. TRB3 knockout mice display higher UCP1 expression in BAT, 

cold resistance, and increased BAT differentiation markers but decreased lipid synthesis 

markers. ER stress, which was increased in BAT from ob/ob and HFD fed mice, induces 

TRB3 and decreases UCP1. TRB3KO mice are protected from obesity-induced impairments 

in BAT differentiation and function. These data demonstrate that TRB3 mediates obesity- 

and diabetes-induced impairments in BAT differentiation and metabolism.

MATERIALS AND METHODS

Animals

C57BL/6 wild type mice from Charles River, or whole body TRB3 knockout mice [24] were 

maintained in a pathogen-free animal facility under standard 12-hour light/12-hour dark 

cycle, and unless indicated, were maintained on a chow diet (16% of calorie from fat; Bio-

Serv F4031). For the high-fat diet study, mice were fed a high-fat diet (60% of calorie from 

fat; Bio-Serv F3282) beginning at the age of 6 weeks for 16 weeks. Mice were studied at 8–

12 weeks of age, as specified in figure legends. All procedures were performed in 

accordance with NIH guidelines and approved by the Institutional Animal Care and Use 

Committee of the University of South Carolina.

Cell culture

Immotalized brown preadipocytes were maintained and differentiated as described [25–27].
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RNA isolation and Real-time PCR analysis

Total RNA was extracted from brown preadipocytes or mouse brown adipose tissue using 

TRIzol (Life Technologies). First strand cDNA was synthesized using High Capacity cDNA 

kit (Life Technologies). The following primers were used for the Real-time PCR: TBP, F 5′-
ACCCTTCACCAATGACTCCTATG-3′, R 5′-TGACTGCAGCAAATCGCTTGG-3′; 
TRB3, F 5′-TCTCCTCCGCAAGGAACCT-3′, R 5′-
TCTCAACCAGGGATGCAAGAG-3′; PRDM16, F 5′-
GACATTCCAATCCCACCAGA-3′, R 5′-CACCTCTGTATCCGTCAGCA-3′; UCP1, F 5′-
ACTGCCACACCTCCAGTCATT-3′, R 5′-CTTTGCCTCACTCAGGATTGG-3′; PPARγ, 

F 5′-TCAGCTCTGTGGACCTCTCC-3′, R 5′-ACCCTTGCATCCTTCACAAG-3′; CHOP, 

F 5′-CCACCACACCTGAAAGCAGAA-3′, R 5′-GGTGCCCCCAATTTCATCT-3′; 
GRP78, F 5′-CTGGACTGAATGTCATGAGGATCA- 3′, R 5′-
CTCTTATCCAGGCCATATGCAATAG-3′; Dio2, F 5′-
CAGTGTGGTGCACGTCTCCAATC-3′, R 5′-TGAACCAAAGTTGACCACCAG-3′; 
XBP1s, F 5′-AAGAACACGCTTGGGAATGG-3′, R 5′-CTGCACCTGCTGCGGAC-3′; 
PGC1α, F 5′-CCCTGCCATTGTTAAGACC-3′, R 5′-TGCTGCTGTTCCTGTTTTC-3′. 
Relative mRNA levels were calculated with the PCR product for each primer set normalized 

to TBP RNA.

Western blot analysis and antibodies

Tissues and cells were rapidly processed in lysis buffer [12,28]. Western blot analyses were 

used to assess protein and phosphorylation levels of various molecules. Primary antibodies 

purchased from commercial sources included α-tubulin, UCP1 (Santa Cruz). Secondary 

antibodies used were horseradish peroxidase (HRP)-conjugated anti-mouse (EMD 

Millipore) and HRP-conjugated anti-goat (Promega). Antibody to TRB3 was a gift from Dr. 

Montminy [9]. All the indicated antibodies were used at the dilutions suggested by the 

manufacturer. Blots were developed using ECL reagents (Thermo Fisher Scientific), and 

bands were visualized and quantified using ImageJ [29].

Statistical analysis

Data are means ± S.E.M. All data were compared using Student’s t-test or two-way 

ANOVA.

RESULTS

High-fat feeding and obesity increase TRB3 expression in brown adipose tissue and 
decrease UCP1 expression.

To determine if high-fat feeding and obesity affect TRB3 expression in mouse brown 

adipose tissue (BAT), mice were fed a high-fat diet for six weeks. High-fat feeding increased 

body weight, blood glucose, and serum insulin concentrations [12], and significantly 

increased TRB3 mRNA expression in BAT by 73% (Fig. 1a). The high-fat diet significantly 

decreased a BAT-specific uncoupling protein UCP1 mRNA expression by 56% (Fig. 1a). 

Similarly, TRB3 mRNA expression was up-regulated in BAT from 12-week-old obese 

(ob/ob) mice compared to control mice by 110% (Fig. 1b), whereas UCP1 expression was 
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down-regulated by 58% (Fig. 1b). The expression of genes involved in BAT differentiation, 

including PRDM16 (PR domain containing 16), Dio2 (Iodothyronine 2), PGC1alpha 

(Peroxisome proliferator-activated receptor gamma coactivator 1 alpha) was also decreased 

in ob/ob mice (Fig. 1b). To determine if fatty acids regulates the TRB3 and UCP1 expression 

in BAT, brown preadipocytes were studied. Brown preadipocytes were differentiated for 6 

days and incubated in the presence or absence of palmitate for 16 hrs. Palmitate incubation 

at 0.25 mM and 0.75 mM, physiological dosages [30], increased TRB3 mRNA expression 

by 70% and 74%, respectively (Fig. 1c). Incubation of differentiated brown adipocytes with 

palmitate significantly decreased UCP1 expression by 30% and 52% (Fig. 1d). Taken 

together, all of these studies demonstrate that high fat diet and obesity regulate the 

expression of TRB3 and UCP1 in mouse BAT.

TRB3 knockout mice are protected from cold exposure

Based on our current data showing that TRB3 was increased with altered metabolic states 

and our previous work demonstrating that overexpression of TRB3 in brown preadipocyte 

cells impaired brown adipocyte differentiation and UCP1 expression [23], we next 

determined if deletion of TRB3 in BAT would improve BAT activity and thermogenesis. To 

test this hypothesis, we studied TRB3 knockout (TRB3KO) mice that were previously 

generated [24]. Wild type and TRB3KO mice were exposed to cold (4°C) temperature for 

120 min and rectal temperature was determined. TRB3KO and wild type mice had similar 

body temperature at room temperature (Fig. 2a and b). One hundred twenty minutes of cold 

exposure significantly decreased body temperature in wild type mice but the decrease was 

not seen in TRB3KO mice (Fig. 2a and b), suggesting that TRB3 is an important regulator of 

cold-induced thermogenic responses in BAT. Consistently, UCP1 expression was higher in 

BAT from TRB3KO mice compared to BAT from wild type mice (Fig. 2c and d). mRNA 

expression of genes involved in BAT differentiation and function, CIDEA, Dio2, and UCP1 

was higher in TRB3KO mice and the expression of PRDM16, and mitochondrial genes, 

mTFAM, and NRF1 was unchanged (Fig. 2e). There was no significant difference in BAT 

weight (data not shown).

Since TRB3KO mice also revealed less lipid accumulation in BAT (Fig. 2d), we determined 

gene expression involved in lipid synthesis and found that mRNA expression of lipid 

synthesis genes was significantly lower in TRB3KO mice, including SREBP1, FAS, ACC 

and SCD1 (Fig. 2f). Thus, deletion of TRB3 in BAT improved BAT differentiation and 

UCP1 expression. Furthermore, TRB3 regulates lipid metabolism in BAT.

ER stress induces TRB3 and inhibits UCP1

Our previous study demonstrated that ER stress induces TRB3 expression in skeletal muscle 

during high fat diet [12] and in multiple cell lines [31]. We hypothesized that ER stress 

induces TRB3 expression in BAT, which in turn decreases UCP1 expression. Brown 

preadipocytes were differentiated for 6 days and incubated in the presence or absence of an 

ER stressor, Tunicamycin, for 4 hrs. Incubation of the cells with Tunicamycin significantly 

increased TRB3 mRNA expression by 21.8-fold (Fig. 3a), which was associated with 

decreased UCP1 expression by 36% (Fig. 3b). Given that mRNA expression of TRB3 was 

increased and UCP1 was decreased in BAT from HFD and Ob/Ob mice, we next examined if 
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the increased ER stress is causative for the impaired BAT function in the mice. The 

expression of ER stress markers, including GRP78 (PR domain containing 16), CHOP 

(CCAAT/enhancer-binding protein homologous protein), XBP1s (X-box binding protein 1 

spliced form) was increased in BAT from HFD and ob/ob mice mice (Fig. 1b). These data 

suggest that obesity and diabetes increase ER stress in BAT and this may increase TRB3 and 

decrease UCP1 expression.

TRB3 knockout mice are protected from HFD-induced impairment in BAT function.

Our recent studies demonstrated that overexpression of TRB3 in brown preadipocytes 

inhibits differentiation of the cells and UCP1 expression [23], and that TRB3KO mice fed a 

HFD for 8 weeks display lower body weight, improved glucose metabolism, and insulin 

signaling [12]. Given that TRB3 expression was increased with HFD (Fig. 1a) and that 

TRB3 inhibits UCP1 expression in BAT [23], we next determined if TRB3 mediates the 

impairment in BAT function in related to HFD in mice. Wild type and TRB3KO male mice 

were fed a HFD for 16 weeks as previously described [12]. TRB3KO showed the improved 

glucose tolerance with lower area under the curve by 18% (Fig. 4 a and b). Wild type and 

TRB3KO mice were kept at cold (4°C) temperature for 6 hrs and rectal temperature was 

determined. TRB3KO mice had higher body temperature at room temperature compared to 

wild type mice (Fig. 4c). Six hours of cold exposure decreased body temperature in both 

groups but the decrease was significantly less in TRB3KO mice (Fig. 4c), indicating that 

HFD-induced impairment in BAT function is ameliorated in TRB3KO mice. mRNA 

expression of UCP1 expression was higher in BAT from TRB3KO mice compared to BAT 

from wild type mice by 6.3-folds (Fig. 4d). Other genes involved in BAT differentiation and 

function, Dio2, CIDEA, PPARγ, and PGC1α were higher in TRB3KO mice and the 

expression of PRDM16, and ER stress markers, GRP78, CHOP, and XBP1s was unchanged 

(Fig. 4d). These data demonstrate that TRB3 plays an important role in HFD-induced 

impairments in BAT function and differentiation in mice.

DISCUSSION

Activation of thermogenesis has been known to prevent obesity and decrease the incidence 

of diabetes in humans and mice by increasing energy expenditure and decreasing fat storage 

[32,33], whereas impairment of thermogenesis results in obesity and diabetes [34,35], 

suggesting the role of BAT as an anti-obese and anti-diabetic tissues. These fidnings suggest 

that thermogenic tissue may be important in humans and could serve as a target for the 

treatment of obesity and diabetes. However, the signaling molecules that regulate BAT 

differentiation and activity in response to high fat diet have not yet been elucidated. In the 

current study we tested the hypothesis that TRB3 mediates HFD-induced impairment in 

BAT differentiation and function. We found that expression of BAT TRB3 was increased in 

high-fat fed mice and ob/ob mice and that TRB3KO mice were cold resistant and displayed 

higher UCP1 expression in BAT. Finally, knockout of TRB3 in mice significantly improved 

BAT function during HFD. These data strongly support the role of TRB3 on BAT 

differentiation and function during HFD.
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We recently reported that TRB3KO mice fed a HFD displayed lower weight gain, lower 

insulin concentration, improved insulin signaling, and improved glucose homeostasis. 

Consistent with these results, our current study performed a separate experiment feeding 

TRB3KO mice on high fat diet for 16 weeks and found that TRB3KO showed improved 

glucose metabolism. Based on these results, effects of TRB3 on whole body glucose 

metabolism could be more pronounced under stress conditions, such as high fat feeding, as 

Okamoto et al. reported no change in body weight and glucose metabolism in TRB3KO 

mice on chow diet [24].

We found that a high-fat diet in mice and ob/ob mice increase TRB3 expression in BAT, 

which in turn inhibits UCP1 expression and BAT activity. The mechanism by which these 

conditions increase TRB3 expression is not known but our results indicate that ER stress 

mediates the induction of TRB3 in BAT. ER stress has emerged as a key player for the 

development of insulin resistance in multiple tissues [36–39] and TRB3 expression has been 

shown to be induced by ER stress in multiple cell lines via ATF4/CHOP pathway [31] and 

mouse skeletal muscle [12]. In support of this hypothesis we found that incubation of brown 

preadipocytes with an ER stressor, tunicamycin (50 ng/ml), during 8 days of differentiation 

results in increased TRB3 mRNA expression by 21-fold but decreased UCP1 mRNA 

expression by 36% [23]. Furthermore, a previous study demonstrated that heat production in 

BAT is significantly decreased by thapsigargin, an additional ER stressor, by 23% [40]. Our 

current results also demonstrated that incubation of differentiated brown adipocytes with 

tunicamycin induced TRB3 and suppressed UCP1. Furthermore, BAT from high fat fed mice 

and ob/ob mice showed increased ER stress markers. Taken together, these data support the 

hypothesis that elevated ER stress in BAT could mediate the effects of high fat feeding, 

obesity, and type 2 diabetes to increase TRB3 expression in mouse BAT.

In summary, a high-fat diet induces expression of TRB3 in BAT, which results in a decrease 

in UCP1 expression. Knockdown of TRB3 in mice significantly improves UCP1 expression 

and BAT function to utilize energy. ER stress mediates HFD-induced TRB3 expression in 

BAT. TRB3KO mice were protected from HFD-induced impairment in BAT function. We 

conclude TRB3 plays an important role in obesity- and/or type 2 diabetes-induced 

impairments in metabolism and function in BAT. Our data also suggest that TRB3 may be a 

new therapeutic target for effectively managing BAT function.
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Highlights

• TRB3 was increased and UCP1 was decreased in BAT from high-fat fed and 

ob/ob mice.

• Knockout of TRB3 improved UCP1 expression and BAT function.

• ER stress increased TRB3 and decreased UCP1 in brown adipocytes.

• Knockout of TRB3 prevented mice from obesity-induced impairments in 

thermogenesis.
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Fig. 1. Regulation of TRB3 expression in mouse brown adipose tissue.
(a) Male C57BL/6 mice (8 weeks old) were fed a high fat diet for 6 weeks. Brown adipose 

tissue was dissected to determine mRNA expression of TRB3 and other genes involved in 

brown adipose tissue differentiation (n=5–6). (b) Male ob/ob mice and their controls (12 

weeks old) were euthanized and brown adipose tissue was collected to determine mRNA 

expression of TRB3 and genes involved in brown adipose tissue differentiation (n=4). (c and 
d) Brown preadipocytes were differentiated 6 days and incubated with 0, 0.25, or 0.75 mM 

of palmitate with 2% BSA for 16h to determine TRB3 (c) and UCP1 (d) expression (n=4). * 

indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001 vs. control.
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Fig. 2. The functional assessment of brown adipose tissue in TRB3KO mice.
(a,b) Core body temperature was measured in TRB3KO males (a) and females (b) at 4°C 

(n=5–6). (c) Protein lysates from brown adipose tissue were subjected to Western blot 

analysis to determine UCP1 expression. (d) Representative histology and UCP1 

immunohistochemistry of the brown adipose tissue from wild type (WT) and TRB3KO (KO) 

mice. Bars indicate 250 μm. We examined 4 independent animals for the analysis. (e,f) Real-

time PCR analysis was performed to determine mRNA expression of genes involved in 

brown adipose tissue differentiation and metabolism (e) and genes involved in lipid 

metabolism (f) (n=3–8). Data are the means ± S.E.M. * indicates p<0.05 and ** indicates 

p<0.01 vs. basal or control. # indicates p<0.05 vs. corresponding control.
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Fig. 3. Effect of ER stress and TRB3 on UCP1 expression.
(a,b) Brown preadipocytes were differentiated to brown adipose cells for 8 days. Cells were 

incubated with an ER stressor, tunicamycin (1 μg ml−1) for 4h and were collected to 

determine TRB3 (a) and UCP1 (b) mRNA expression using Real-time PCR analysis (n=5). 

(c,d) Real-time PCR analysis was performed to determine mRNA expression of genes 

involved in ER stress in BAT from high fat fed mice (c) or ob/ob mice (d) (n=4–6). Data are 

the means ± S.E.M. * indicates p<0.05, and ** indicates p<0.01 vs. basal or controls.
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Fig. 4. The effects of knockout of TRB3 on high-fat diet-induced BAT impairment.
(a-d) Wild type (WT) and TRB3KO mice at 6 weeks of age were placed on a high-fat diet 

for 16 weeks (n=5). (a,b) At 12 weeks of high-fat diet, mice were fasted for 14 h to perform 

a glucose tolerance test. TRB3KO mice had improved glucose tolerance (a) and lower area 

under the curve during the glucose tolerance test (b). (c) At 16 weeks of high-fat diet, mice 

were placed at 4°C for 6 h. Core temperature was measured at indicated times. (d) mRNA 

from brown adipose tissue was collected and used to determine mRNA expression for 

multiple genes. Data are the means ± S.E.M. * indicates p<0.05, ** indicates p<0.01, and 

*** indicates p<0.001 vs. WT.
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