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Abstract

Objective—It is well known that Uncoupling protein 1 (UCP1) in brown adipose tissue plays
an important role in diet induced thermogenesis. In this study we investigated whether SLN a
regulator of SERCA in muscle is also an important player of diet-induced thermogenesis and if
loss of SLN could be compensated by increased UCP1 expression and vice versa.

Methods—Age and sex matched UCP1~/~ (UKO), SLN~~ (SKO) and double knockout for
both UCP1 and SLN (DKO) mice maintained in C57BI/6J background were challenged to high fat
diet for 12 weeks and then analyzed for weight gain, alterations in serum metabolites and changes
in thermogenic protein expression.

Results—We found that loss of either SLN or UCP1 alone was sufficient to cause diet-induced
obesity. There was no compensatory up regulation of UCP1 in SLN™/~ mice or vice versa.
Paradoxically loss of both mechanisms failed to exacerbate the obesity phenotype.

Conclusions—Our data suggests that both SLN and UCP1 based adaptive thermogenic
mechanisms are essential for achieving maximal diet-induced thermogenesis. When both
mechanisms are absent, less efficient thermogenic mechanisms are activated to counter energy
imbalance.
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INTRODUCTION

Studies have shown that rodents can increase energy expenditure in response to overfeeding
to prevent excessive weight gain, a phenomenon termed diet-induced thermogenesis (DIT)
(1, 2, 3, 4). The role of Brown adipose tissue (BAT) and UCP1 (4) has been extensively
studied as a major mechanism for DIT in rodents (5, 6, 7). The role of BAT in humans has
gained renewed interest as a target to treat obesity (4, 5). Although skeletal muscle has been
proposed to play an important role in DIT, the mechanisms are less well explored (8).
Skeletal muscle comprises approximately 40% of mammalian body mass and accounts for
~30% of resting energy expenditure (during activity its contribution can increase to 90%)

(9).

In skeletal muscle, Sarcolipin (SLN), a regulator of the Sarco/endoplasmic reticulum Ca2*-
ATPase (SERCA) pump plays a role in cold- and diet-induced thermogenesis (10, 11). More
recently we investigated the importance of muscle and BAT for cold adaptation utilizing
SLN™~ (SKO) and UCP1~/~ (UKO) mouse models. We found that loss of SLN was
compensated by increased expression of UCP1 and vice versaduring cold adaptation. These
findings prompted us to further explore the importance of skeletal muscle and SLN in DIT in
comparison to BAT. We performed these studies at thermoneutrality (29.0+£1.0 °C) to
eliminate cold stress and its associated effects on energy expenditure.

MATERIALS AND METHODS

Generation of UKO, SKO and UCP17~.SLN~/~ (DKO) mice have been described previously
(6, 12, 13). Complete experimental procedure is described in the supplemental materials.

RESULTS

The HFD studies were performed at 29.0+1.0 °C, which is considered as thermoneutral
temperature for mice, to eliminate cold stress and its effect on metabolism. The SKO and
UKO gained significantly more weight than WT upon HFD-feeding, (Figure 1A)
interestingly the rate of weight gain was similar. Paradoxically, the DKO mice gained less
weight than the single knockouts (Figure 1A and B). Food intake was not significantly
different among genotypes (Figure 1C), thus the differences in weight gain could not be
attributed to differences in caloric intake. Metabolic efficiency (ratio of food intake and
weight gain) is an important measure of metabolic control. We found that the metabolic
efficiency was higher in SKO, UKO and DKO mice compared to WT mice (Figure 1D).
Interestingly, the metabolic efficiency of the DKO was lower than single KO animals.
Measurements of fat pad weights after HFD-feeding showed a large portion of the weight
gained could be attributed to increased fat deposition in adipose tissue depots. The white
adipose tissue (WAT) and BAT weights were higher in SKO and UKO mice as compared to
WT and DKO mice (Figure 1E-H). Interestingly, the greatest differences in WAT weights
occurred in the subcutaneous fat depot, but not in the epidydymal depot (Figure 1G and H).
No compensatory beiging in the WAT depots was observed in any genotype. The weights of
muscles, heart and blood metabolites levels were not different among genotypes
(Supplementary Table 1 and Figure 11-K).
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We next determined if differences in average daily energy expenditure could explain the
differences in weight gain in these genotypes. Therefore we measured oxygen consumption
before and after 12 weeks of HFD-feeding and data are presented in two ways: 1)
normalized to body weight and 2) without normalization. There were no differences in
oxygen consumption among the genotypes before HFD feeding (Figure 2A and B). As
shown in Figure 2A, all genotypes displayed increased oxygen consumption after 12 weeks
of HFD-feeding. The increase was significantly greater in the SKO and UKO, as compared
to WT. All genotypes displayed a decreased respiratory exchange ratio (RER), after HFD-
feeding (Figure 2B), indicating a shift in substrate utilization from carbohydrates to fats.
Loss of SLN caused a significant reduction in energy expenditure as found for UKO (Figure
2C).

At temperatures below thermoneutrality, UKO mice show reduced gain in obesity likely due
to increased energy expenditure from cold-induced thermogenesis (5). It has also been
shown that both SLN and UCP1 are upregulated in mice in response to HFD feeding (5, 10).
We found that UCP1 protein was increased in response to the HFD in the BAT (Figure 2D),
as previously reported. However, we did not find any compensatory upregulation of UCP1
protein levels in the BAT of SKO mice (Figure 2D). Interestingly, SLN expression was
upregulated in WT animals upon HFD-feeding (Figure 2E), as reported previously (10).
However, the SLN upregulation was less dramatic when the mice were housed at

29.0+1.0 °C all the times compared to the previous HFD studiesperformed at 22°C (mild
cold stress) using mice reared at 22°C (10). Moreover, we did not find compensatory
upregulation of SLN in UKO mice following HFD feeding (Figure 2E).

DISCUSSION

Obesity often results from an imbalance between energy intake and expenditure. DIT can
also be an important component in regulating whole-body energy expenditure and thus
defects in DIT could play a role in obesity (14). In rodents, BAT has been shown to be an
important player in DIT (5) but the relevance of BAT in adult humans has been debated.
Emerging data also suggest that skeletal muscle is equally an important player in DIT. We
recently showed that SLN-based thermogenesis in skeletal muscle is one such mechanism
(10, 11). In this study, we investigated the relative importance of SLN and UCP1 in DIT; and
if loss of UCP1 would be compensated by increased expression of SLN and vice versa. We
further explored whether a loss of both SLN and UCP1 would severely compromise DIT.

A key finding was that SKO mice gained comparable weight to UKO littermates suggesting
that loss of muscle based thermogenesis has similar consequences on body mass as loss of
BAT-mediated DIT. This may indicate that in rodents SLN- and UCP1-based thermogenesis
can contribute to DIT to a similar extent. Despite having intact BAT, SLN deficiency was
sufficient to cause increased obesity, which suggests that muscle-based NST is a critical
component of DIT or may be the only important component if BAT content is negligible.
Considering the sizeable mass of skeletal muscle; even small perturbations in the energetic
efficacy of muscle can have significant effects on whole body energy expenditure (15, 16).
Although we earlier reported that loss of SLN was compensated by increased UCP1
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expression and vice versa during gradual cold adaptation, such a compensatory response was
not observed in HFD challenge at thermoneutrality.

An unexpected finding was that, the DKO mice were less obese compared to UKO and SKO
mice. The milder obese phenotype of the DKO mice may be the result of 1) activation of
other inefficient thermogenic pathways to minimize the effects of diet overload and/or 2)
unknown developmental adaptations to compensate for loss of adaptive thermogenic
mechanisms. Existence of various futile cycling processes has been proposed including
phosphocreatine cycling in beige fat (17), triglyceride/fatty-acid cycling (18), futile protein
turnover cycle (19) and phosphofructokinase (PFK)/fructose-1,6-bisphosphatase (FbPase)
cycle (20). We earlier reported that the DKO mice were able to survive gradual cold
acclimatization to 4°C, suggesting that when UCP1 and SLN based mechanisms are absent,
less efficient thermogenic pathways requiring higher energy are activated for survival. Taken
together these finding suggests that mice can adapt and survive without these two facultative
thermogenic mechanisms. Future studies should be aimed at defining the involvement of
other unknown mechanisms that might come to the rescue when these systems are absent. In
conclusion, this study shows that muscle and BAT are important players in DIT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What isalready known about this subject?

UCPL1 is recruited in diet-induced thermogenesis.

SLN is an important regulator of cold-induced thermogenesis.
What doesthis study add?

Muscle is an important site of DIT.SLN plays a key role in diet-induced thermogenesis in
mice raised at thermoneutrality.
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Figure 1. Results of high fat diet feeding on body/or gan weight and serum metabolites
A. Weight gained at each week during high-fat diet (HFD) feeding at 29.0+1.0°C. B.

Cumulative weight gain on 12th week of HFD feeding. C. Total food intake in MJ during the
12-week high-fat diet feeding protocol. D. Metabolic efficiency (total weight gain/total food
intake) following the high-fat diet. * = p<0.05, ** = p<0.001 compared to WT. Wet tissue
weights of brown adipose tissue (BAT; E), epidydymal WAT (F), inguinal WAT (G) and sum
of epidydymal and inguinal WAT (H), after 12-weeks HFD feeding. Statistically significant
differences are compared to WT. * = p<0.05, ** = p<0.01, compared to WT. |. Fasted (16-
hour fast) blood glucose levels after HFD-feeding. Serum cholesterol (J) and triglycerides
(K) after a 4-hour fast after 12-weeks HFD feeding.
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Figure 2. Effect of HFD-feeding on metabolic rates and protein expression of SLN and UCP1
Average oxygen consumption over a 24-hour period before (Pre-HFD) and after (Post-HFD)

12-weeks of HFD-feeding. A. Oxygen consumption (ml/hr) per mouse. B. Respiratory
exchange ratio before and after HFD feeding. C. Heat or energy expenditure (Kcal/kg/hr)
before and after HFD feeding. Statistically significant differences are between the same
genotype Pre-HFD and Post-HFD are indicated on the top of post-HFD column. The
differences between the genotypes is indicated by lines. * = p<0.05, ** = p<0.01 and *** =
p<0.001. D. Uncoupling protein 1 (UCP1) protein expression in interscapular brown adipose
tissue of chow-fed WT, HFD-fed WT, and HFD-fed SKO mice. Ponceau S blot provided to
show equal protein loading. E. Sarcolipin (SLN) protein expression in soleus muscles from
Chow-fed WT, HFD-fed WT and HFD-fed UKO mice. GAPDH: glyceraldehyde 3-
phosphate dehydrogenase.

Obesity (Silver Spring). Author manuscript; available in PMC 2017 July 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	DISCUSSION
	References
	Figure 1
	Figure 2

