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PRDM16, a key transcription factor for brown adipogenesis, were higher in n3Bu-fed BAT than Bu- or
Ma-fed BAT. Importantly, BAT from n3Bu feeding showed a remarkable decrease in F4/80 and CD11c
expression levels, implying that the n3Bu suppresses macrophage infiltration and proinflammatory
M1 polarization compared to the Bu- or Ma-fed group (Figure 2C).
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Figure 2. Supplementation with ALA-bi ofortified butter promoted thermogenesis and suppressed 

inflammation in the BAT . (A) Core body temperature after exposing animals to 4 °C acutely for 3 h (n 

= 4 for chow, n = 8 for HF-fed animals). (B) Heat release captured by IR camera at the end of a 3-h cold 
exposure. (C) Western blot analysis of UCP1, PRDM16, CD11c, and F4/80. �†-actin used as a loading 

control for quantification. All data represented as mean ± SEM. Treatments with different letters are 

significantly different from one another ( p < 0.05) by one-way ANOVA with Tukey’s multiple 

comparison tests. 

3.2. Supplementation with ALA-Biofortified Butter Altered FA Composition in the BAT 

Emerging evidence suggests that the thermogenic activation of BAT is associated with FA 
remodeling, including augmented n-3 LC PUFA synthesis and FA elongation [22]. Based on this 
literature suggestion, we next investigated the impact of n3Bu on lipid metabolism in the BAT during 
thermogenic activation. The GC/MS analysis revealed that cold treatment (CT, 4 °C) for 48 h resulted 
in a rapid increase in EPA and DHA in the BAT in response to n3Bu feeding compared to mice kept 
at an ambient temperature (RT, 22 °C) (Figure 3A). However, these changes in n-3 LC PUFA were 
less prominent in the BAT with Bu feeding and al most completely absent with Ma feeding (Figure  
3A). We also examined the differential impact of Bu, n3Bu, and Ma feeding on FA elongation and 
desaturation. Cold treatment decreased the content of C16 FA (palmitic and palmitoleic acid) but 
increased the C18 FA (stearic acid) content in n3Bu-fed BAT and, to a lesser degree, Bu-fed BAT. 
However, Ma-fed BAT failed to alter the FA elongation in response to cold temperatures (Figure  3B). 
Therefore, the FA elongation ratio (see the formula in the method section) in the BAT was most 
evident with n3Bu feeding (Figure  3C). Also, the degree of FA desaturation was higher in n3Bu-fed 
BAT than in Bu- or Ma-fed BAT upon cold treatment (Figure  3D). The reductions in SCD-1 and 
ELOVL6 expression in Ma-fed BAT were significant (Figure  3E), although the difference between 
n3Bu- and Bu-fed BAT did not reach statistical significance. Consistently, there was an increase in the 
transcription levels of Scd-1, Elovl6, and Elvol3 in the n3Bu-fed BAT compared to Bu, but a substantial 
decrease in these genes in Ma-fed BAT (Figure S2). However, the changes in the delta-5 and delta-6 
desaturase levels were similar between the groups (Figure S2). Collectively, these results suggest that 
ALA-biofortified butter facilitates the cold-mediated n-3 LC PUFA synthesis and FA 
elongation/desaturation. 

Figure 2. Supplementation with ALA-biofortified butter promoted thermogenesis and suppressed
inflammation in the BAT. (A) Core body temperature after exposing animals to 4 ◦C acutely for 3 h
(n = 4 for chow, n = 8 for HF-fed animals). (B) Heat release captured by IR camera at the end of a
3-h cold exposure. (C) Western blot analysis of UCP1, PRDM16, CD11c, and F4/80. β-actin used as
a loading control for quantification. All data represented as mean ± SEM. Treatments with different
letters are significantly different from one another (p < 0.05) by one-way ANOVA with Tukey’s multiple
comparison tests.

3.2. Supplementation with ALA-Biofortified Butter Altered FA Composition in the BAT

Emerging evidence suggests that the thermogenic activation of BAT is associated with FA
remodeling, including augmented n-3 LC PUFA synthesis and FA elongation [22]. Based on this
literature suggestion, we next investigated the impact of n3Bu on lipid metabolism in the BAT during
thermogenic activation. The GC/MS analysis revealed that cold treatment (CT, 4 ◦C) for 48 h resulted
in a rapid increase in EPA and DHA in the BAT in response to n3Bu feeding compared to mice
kept at an ambient temperature (RT, 22 ◦C) (Figure 3A). However, these changes in n-3 LC PUFA
were less prominent in the BAT with Bu feeding and almost completely absent with Ma feeding
(Figure 3A). We also examined the differential impact of Bu, n3Bu, and Ma feeding on FA elongation
and desaturation. Cold treatment decreased the content of C16 FA (palmitic and palmitoleic acid)
but increased the C18 FA (stearic acid) content in n3Bu-fed BAT and, to a lesser degree, Bu-fed BAT.
However, Ma-fed BAT failed to alter the FA elongation in response to cold temperatures (Figure 3B).
Therefore, the FA elongation ratio (see the formula in the method section) in the BAT was most evident
with n3Bu feeding (Figure 3C). Also, the degree of FA desaturation was higher in n3Bu-fed BAT than in
Bu- or Ma-fed BAT upon cold treatment (Figure 3D). The reductions in SCD-1 and ELOVL6 expression
in Ma-fed BAT were significant (Figure 3E), although the difference between n3Bu- and Bu-fed BAT
did not reach statistical significance. Consistently, there was an increase in the transcription levels of
Scd-1, Elovl6, and Elvol3 in the n3Bu-fed BAT compared to Bu, but a substantial decrease in these genes
in Ma-fed BAT (Figure S2). However, the changes in the delta-5 and delta-6 desaturase levels were
similar between the groups (Figure S2). Collectively, these results suggest that ALA-biofortified butter
facilitates the cold-mediated n-3 LC PUFA synthesis and FA elongation/desaturation.
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Figure 3. Supplementation with ALA-biofortified butter increased n-3 PUFA content and degree of 
desaturation and elongation of fatty acids in the BAT in response to cold exposure. (A) Composition 
of n-3 (ALA, EPA, and DHA) and n-6 (ALA and LA) PUFA in the BAT at room temperature (Rm) or 
cold exposure (Cold) for 48 h (n = 4 per group). (B) Fatty acid methyl ester analysis of BAT at Rm and 
Cold. (C) C18:C16 ratio. (D) SCD ratio. (E) Western blot analysis of stearoyl-CoA desaturase 1 (SCD-
1), elongation of long chain fatty acid-like family member 6 (ELOVL6). Each lane represents an 
individual animal (n = 3) and the β-actin used as a control for quantification (below). In (A,E), 
treatments with different letters are significantly different from one another (p < 0.05) by one-way 
ANOVA. All data represented as mean ± SEM. In (B–D), * p < 0.05, and *** p < 0.001 by Student′s t-
test. 

3.3. Supplementation with ALA-Biofortified Butter Facilitated Mitochondrial Biogenesis 

Molecular events for thermogenic activation include mitochondrial biogenesis in the BAT [23]. 
Next, we investigated whether the improved thermogenic function by n3Bu feeding is linked with 
mitochondrial biogenesis. There was a substantial increase in mitochondrial proteins in the n3Bu-fed 
BAT compared to Bu- or Ma-fed BAT, including (1) voltage-dependent anion channel 1 (VDAC1) 
located in the mitochondrial outer membrane, (2) pyruvate dehydrogenase (PDH) located in the 
mitochondrial matrix, and (3) oxidative phosphorylation proteins (OxPhos) located in the 
mitochondrial inner membranes (Figure 4A). Conforming to the increased mitochondrial mass, the 
mitochondrial DNA to genomic DNA ratio (mtDNA/gDNA) was significantly higher in n3Bu-fed 
BAT compared to Bu- or Ma-fed BAT (Figure 4B). 

Figure 3. Supplementation with ALA-biofortified butter increased n-3 PUFA content and degree of
desaturation and elongation of fatty acids in the BAT in response to cold exposure. (A) Composition
of n-3 (ALA, EPA, and DHA) and n-6 (ALA and LA) PUFA in the BAT at room temperature (Rm) or
cold exposure (Cold) for 48 h (n = 4 per group). (B) Fatty acid methyl ester analysis of BAT at Rm and
Cold. (C) C18:C16 ratio. (D) SCD ratio. (E) Western blot analysis of stearoyl-CoA desaturase 1 (SCD-1),
elongation of long chain fatty acid-like family member 6 (ELOVL6). Each lane represents an individual
animal (n = 3) and the β-actin used as a control for quantification (below). In (A,E), treatments with
different letters are significantly different from one another (p < 0.05) by one-way ANOVA. All data
represented as mean ± SEM. In (B–D), * p < 0.05, and *** p < 0.001 by Student′s t-test.

3.3. Supplementation with ALA-Biofortified Butter Facilitated Mitochondrial Biogenesis

Molecular events for thermogenic activation include mitochondrial biogenesis in the BAT [23].
Next, we investigated whether the improved thermogenic function by n3Bu feeding is linked with
mitochondrial biogenesis. There was a substantial increase in mitochondrial proteins in the n3Bu-fed
BAT compared to Bu- or Ma-fed BAT, including (1) voltage-dependent anion channel 1 (VDAC1) located
in the mitochondrial outer membrane, (2) pyruvate dehydrogenase (PDH) located in the mitochondrial
matrix, and (3) oxidative phosphorylation proteins (OxPhos) located in the mitochondrial inner
membranes (Figure 4A). Conforming to the increased mitochondrial mass, the mitochondrial DNA to
genomic DNA ratio (mtDNA/gDNA) was significantly higher in n3Bu-fed BAT compared to Bu- or
Ma-fed BAT (Figure 4B).
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Figure 4. Supplementation with ALA-biofortified butter increased mitochondrial biogenesis in the 
BAT. (A) Western blot analysis of mitochondrial proteins of voltage-dependent anion channel 1 
(VDAC1), pyruvate dehydrogenase (PDH), and respiratory protein complexes I-V (left). β-actin was 
used as a control for quantification (right). (B) mtDNA to gDNA ratio in BAT by qPCR (n = 6 per 
group). (C) Sirt3 mRNA expression in BAT by qPCR (n = 6 per group). (D) Western blot analysis of 
Sirt3 in the mitochondrial fraction. Each lane represents individual animals in duplication. Cyt C was 
used as a control. All data represented as mean ± SEM. Treatments with different letters are 
significantly different from one another by one-way ANOVA (p < 0.05). 

Emerging evidence also suggests that sirtuin 3 (SIRT3), a NAD+-dependent deacetylase in 
mitochondria, is a key modulator for brown thermogenesis [24]. Consistent with this study, the 
transcriptional levels of Sirt3 and SIRT3 protein expression levels were higher in n3Bu-fed BAT than Bu 
or Ma-fed BAT (Figure 4C,D). Collectively, these data support the assertion that ALA-biofortified butter 
effectively promotes thermogenesis, partly through the facilitation of mitochondrial biogenesis in the 
BAT. 

4. Discussion 

Previously, we have reported that ALA-enriched butter was effective in attenuating HF diet-
induced insulin resistance compared to the other isocaloric diets prepared from conventional butter 
or margarine [20]. The metabolic improvement by ALA-biofortified butter was associated with 
augmented bioconversion into n-3 LC PUFA, reduced inflammation in the metabolic tissues (i.e., liver 
and WAT), and systemic production of anti-inflammatory oxylipins [20]. Here we investigated the 
impact of ALA-biofortified butter in regulating the BAT thermogenesis. The present work 
demonstrated that ALA-biofortified butter attenuated HF diet-mediated BAT whitening and 
inflammation (Figure 1), and increased the brown fat specific gene and protein markers and 
thermogenic activity (Figure 2). In terms of mechanism, the intake of ALA-biofortified butter 
facilitates cold-mediated lipid remodeling by promoting n-3 LC PUFA conversion, by increasing 
ELOVL6 and SCD activity and by stimulating mitochondrial biogenesis (proposed working model in 
Figure 5). Taken together, our work suggests that ALA-biofortified butter could be an alternative to 
fish oil in activating brown thermogenesis. 

Figure 4. Supplementation with ALA-biofortified butter increased mitochondrial biogenesis in the BAT.
(A) Western blot analysis of mitochondrial proteins of voltage-dependent anion channel 1 (VDAC1),
pyruvate dehydrogenase (PDH), and respiratory protein complexes I-V (left). β-actin was used as a
control for quantification (right). (B) mtDNA to gDNA ratio in BAT by qPCR (n = 6 per group). (C)
Sirt3 mRNA expression in BAT by qPCR (n = 6 per group). (D) Western blot analysis of Sirt3 in the
mitochondrial fraction. Each lane represents individual animals in duplication. Cyt C was used as a
control. All data represented as mean ± SEM. Treatments with different letters are significantly different
from one another by one-way ANOVA (p < 0.05).

Emerging evidence also suggests that sirtuin 3 (SIRT3), a NAD+-dependent deacetylase in
mitochondria, is a key modulator for brown thermogenesis [24]. Consistent with this study, the
transcriptional levels of Sirt3 and SIRT3 protein expression levels were higher in n3Bu-fed BAT than
Bu or Ma-fed BAT (Figure 4C,D). Collectively, these data support the assertion that ALA-biofortified
butter effectively promotes thermogenesis, partly through the facilitation of mitochondrial biogenesis
in the BAT.

4. Discussion

Previously, we have reported that ALA-enriched butter was effective in attenuating HF
diet-induced insulin resistance compared to the other isocaloric diets prepared from conventional
butter or margarine [20]. The metabolic improvement by ALA-biofortified butter was associated with
augmented bioconversion into n-3 LC PUFA, reduced inflammation in the metabolic tissues (i.e., liver
and WAT), and systemic production of anti-inflammatory oxylipins [20]. Here we investigated the
impact of ALA-biofortified butter in regulating the BAT thermogenesis. The present work demonstrated
that ALA-biofortified butter attenuated HF diet-mediated BAT whitening and inflammation (Figure 1),
and increased the brown fat specific gene and protein markers and thermogenic activity (Figure 2).
In terms of mechanism, the intake of ALA-biofortified butter facilitates cold-mediated lipid remodeling
by promoting n-3 LC PUFA conversion, by increasing ELOVL6 and SCD activity and by stimulating
mitochondrial biogenesis (proposed working model in Figure 5). Taken together, our work suggests
that ALA-biofortified butter could be an alternative to fish oil in activating brown thermogenesis.

Accumulating evidence suggests that FA are critical modulators of non-shivering adaptive
thermogenesis [25]. At least three different modes of FA regulation have been reported to promote
thermogenic regulation in the BAT, including (1) increased n-3 LC PUFA levels [13,26], (2) increased FA
elongation and desaturation [22], and (3) increased cardiolipin (CL) synthesis [27,28]. Here, we discuss
our results based on these FA regulations for thermogenic activation.


