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Introduction
Adipose tissues can be divided into three categories: 
white, brown, and beige. Brown adipose tissue (BAT) has 
a typical multi-chamber structure and a higher number 
of mitochondria, which can be used to produce heat by 
uncoupling the oxidative phosphorylation from ATP 
generation through uncoupling protein 1 (UCP1) [1, 2]. 
Brown adipose tissues are mainly distributed in the inter-
scapular, pericardiac, and perirenal regions of newborn 
lambs and goats to maintain core body temperature. The 
amount of BAT is highest at birth and converts into white 
adipose tissue (WAT) over the course of 30 d post birth 
[3–5].
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Abstract
Background  Brown adipose tissue (BAT) has a significant impact in newborn goats on maintaining body 
temperature through non-shivering thermogenesis in response to cold exposure. However, the roles of heat 
treatment on BAT thermogenesis are still limited.

Results  This study focused on the effects of short-term heat exposure on goat brown adipocytes. We found that 
the content of mitochondria and the proteins of UCP1 and PGC1α were increased after 12 h of heat exposure. 
Additionally, the triglyceride (TG) content was significantly decreased after 1, 2, 6 h of heat exposure. Furthermore, 
RNA-seq analysis of brown adipocytes after 12 h of heat exposure identified 1091 differentially expressed genes 
(DEGs). The KEGG enrichment analysis were mainly enriched in thermogenesis, fatty acid metabolism and mitophagy. 
In addition, we found that the amount of mitophagosomes and expression levels of mitophagy-related protein 
(LC3BII/LC3BI, BNIP3, and BECN) were elevated after 12 h of heat treatment.

Conclusion  These findings collectively indicate that heat exposure enhances the thermogenic capacity and 
mitophagy level of goat brown adipocytes. Our study provides evidence that heat exposure facilitates adaptive 
thermogenesis in goat brown adipocytes.
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Cold stimulation activates the non-shivering thermo-
genesis of BAT via the hypothalamic-pituitary-adre-
nal axis (HPA) [6]. Norepinephrine (NE) stimulates 
β3-adrenergic receptors on the surface of brown adipo-
cytes and then activates the thermogenesis process [2]. It 
has been reported that the body temperature decreases 
rapidly in lambs after birth [7], and the survival rate of 
lambs decreases with the loss of heat [8, 9]. In addition, 
the non-shivering thermogenesis of BAT could gener-
ate ~ 50% of the total thermogenesis and protect lambs 
from cold [10, 11]. Therefore, improving the thermogen-
esis ability of BAT is beneficial for lambs and goat kids 
to respond to cold conditions. In our prior studies, we 
have discovered that cold stimulation induces BAT ther-
mogenesis in goat kids and increases the expression of 
thermogenic genes [12]. Moreover, the maternal supple-
mentation of L-carnitine enhances the BAT thermogene-
sis of goat kids after cold exposure [13]. Supplementation 
of copper also increases the expression of UCP1 and 
leads to higher amounts of mitochondria with fewer lipid 
droplets in BAT [14] and maternal injection of L-arginine 
can elevate thermogenesis capacity of BAT in lambs [15]. 
Interestingly, recent evidence suggests that external heat 
exposure could also activate brown and beige adipose tis-
sues. It has been shown that local hyperthermia therapy 
induces the thermogenesis of beige adipose and enhances 
the expression of thermogenic genes in brown adipose 
tissues in both mice and humans [16]. However, studies 
on heat exposure on goat BAT thermogenesis are still 
limited.

When the ambient temperature exceeds the optimal 
temperature for livestock, the heat exposure occurs, 
leading to potential physiological stress and changes in 
metabolic processes [17, 18]. For in vitro brown adipo-
cytes, it has been reported that heat shock proteins and 
thermosensitive transient receptor potential (TRP) chan-
nels form a temperature-sensing system [19]. For our 
study, we used BAT-derived stromal vascular fraction 
(SVF), which can be differentiated into functional brown 

adipocytes [20], providing a reliable model for studying 
their responses to external thermal exposure. Based on 
previous research about heat exposure on adipocytes [16, 
21–24], we constructed a heat exposure model for goat 
brown adipocytes and selected different durations of heat 
exposure to investigate the effects of heat exposure, par-
ticularly short-term heat exposure, on thermogenesis, 
adipogenesis, and mitophagy in goat brown adipocytes.

In this study, we performed heat exposure on goat 
brown adipocytes and found that the content of mito-
chondria was raised and the expression of thermogenesis 
genes was also up-regulated. The adipocytes lipogenesis 
and lipolysis were also activated. In addition, we demon-
strated that heat exposure induced thermogenesis and 
activated mitophagy pathways by RNA-seq analysis in 
goat brown adipocytes. Our study provides evidence sup-
porting the role of heat exposure in promoting adaptive 
thermogenesis in goat brown adipocytes.

Results
Identification of goat brown adipocytes
To evaluate whether the SVFs separated from brown adi-
pose tissues of newborn goat kids can differentiate into 
mature brown adipocytes, we determined the brown adi-
pocytes marker genes, including UCP1, PGC1α, CPT1A, 
ELOVL3, and ELOVL6 (Fig.  1A). After 8 d of browning 
differentiation, the mRNA levels of marker genes were 
significantly increased (p < 0.05) compared with undif-
ferentiated cells. Except qPCR, we also performed UCP1 
immunocytochemistry and lipid stain on goat brown adi-
pocytes (Fig. 1B). We found that abundant lipid droplets 
and UCP1 expression in goat mature brown adipocytes. 
These results indicate that the SVFs separated from goat 
brown adipose tissues are capable of being induced into 
brown adipocytes.

Fig. 1  Identification of goat brown adipocytes. (A) The mRNA expression level of brown adipocytes marker genes in undifferentiated cells (D0) and after 
8 d of differentiation (D8) (n = 6). (B) BODIPY staining of lipid droplets and immunocytochemistry staining of UCP1 in brown adipocytes at D8 (scale bar 
= 50 μm). Data are presented as mean ± SEM. *p < 0.05 and **p < 0.01 versus the corresponding controls are indicated
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Heat exposure affects cellular viability and elevates the 
expression of heat shock protein genes
Brown adipocytes were treated at 42℃ for different times 
and put back to 37℃ for 24  h (Fig.  2A). Then, we used 
the CCK-8 kit to determine whether cellular viability was 
affected by heat exposure. We found that cellular viability 
did not change after 6 and 12  h treatment. In addition, 
cellular viability was significantly lower compared with 
control after 24, 48, and 72 h of heat exposure (p < 0.05) 
(Fig. 2B). The results indicated that the 12 h of heat expo-
sure was the longest treatment time without affecting cel-
lular viability. Therefore, we selected 42℃ for 12 h as the 
heat treatment condition for subsequent experiments.

To determine whether the heat exposure model of 
goat brown adipocytes was built, we examined the gene 
expression levels of heat shock proteins (HSP70 and 
HSP90) and heat shock factor 1 (HSF1). These genes were 
significantly up-regulated after 12  h of heat exposure 
(p < 0.05) (Fig. 2C), which represented that the heat expo-
sure model was established in goat brown adipocytes.

Heat exposure induces thermogenesis of goat brown 
adipocytes
To investigate whether heat exposure regulates the ther-
mogenesis of brown adipocytes, we used the mitotracker 
to stain the mitochondria and the copy number of mito-
chondria was determined by qPCR. The results show that 
the content of mitochondria was increased after 12  h 
heat exposure (p < 0.05) (Fig.  3A-C). Then, heat expo-
sure significantly induced the expression levels of ther-
mogenesis related genes including UCP1, PGC1α, and 
CPT1A (p < 0.05) (Fig. 3D), as well as the level of UCP1 
and PGC1α proteins compared with the control group 
(p < 0.05) (Fig. 3E and F).

Heat exposure affects lipogenesis and lipolysis of brown 
adipocytes
To further verify whether heat exposure regulates the 
lipid accumulation of brown adipocytes, oil-red O was 
used for dyeing lipid droplets. We found that the concen-
tration of TG was significantly decreased (p < 0.05) after 
1, 2, and 6 h of heat exposure (Fig. 4A and B). Interest-
ingly, there was no apparent change between 0  h and 
12  h heat exposure. Therefore, we detected the expres-
sion of lipogenesis genes including PPARγ, FABP4, and 
FASN (Fig.  4C). PPARγ was significantly reduced after 
1  h of heat exposure (p < 0.05), while FABP4 and FASN 
were significantly down-regulated at 1  h and at 1, 2  h, 
respectively (p < 0.05). Furthermore, FABP4 and FASN 
were significantly up-regulated after 12  h of heat expo-
sure (p < 0.05). We also determined ATGL, the key gene 
of lipolysis. It was also significantly increased after heat 
exposure for 1, 2, 6, and 12 h (p < 0.05) (Fig. 4C). These 
results demonstrate that the lipogenesis and lipolysis of 
brown adipocytes are promoted after 12 h heat exposure.

RNA-seq reveals the regulatory roles of heat exposure on 
goat brown adipocytes
To determine the alteration of gene expression patterns 
after heat exposure, we performed RNA-seq on the goat 
brown adipocytes that incubated at 37℃ and 42℃ after 
12 h heat exposure (Fig. 5A). We examined gene expres-
sion patterns with PCA, which showed that the HE and 
NC samples clustered into distinct group (Fig.  5B). In 
further RNA-seq analysis, we found a total of 1091 dif-
ferential expression genes (DEGs), of which 582 were up-
regulated and 509 were down-regulated (Fig.  4C). The 
KEGG enrichment analysis showed that the up-regulated 
DEGs were mainly enriched in the MAPK, PI3K-AKT, 

Fig. 2  Heat exposure affects cell viability and elevates the expression of heat shock genes. (A) Schematic figure of cell culture and different heat treat-
ment time; (B) Cellular viability of goat brown adipocytes after different heat treatment time (42℃, n = 6). (C) The mRNA expression levels of heat shock 
genes of brown adipocytes in 37℃ and exposed to 42℃ for 12 h (n = 6). Data are presented as mean ± SEM. *p < 0.05 and **p < 0.01 versus the corre-
sponding controls are indicated
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hypoxia inducible factor 1, thermogenesis, fatty acid 
metabolism, and mitophagy-animals pathways (Fig. 5D), 
and the down-regulated DEGs were mainly enriched in 
cell cycle, p53 signaling pathway, and rap1signaling path-
way (Fig. 5E).

The expression of the heat shock protein family 
(HSPAs, HSPBs, and HSP90) and genes that respond 
to heat (FKBP4, HIF3A, and STIP1) were significantly 
induced after heat exposure (Fig. 6A). The GSEA analy-
sis also indicated that the cellular response to heat path-
way was significantly activated (Fig. 6B). Furthermore, we 
found that the expression of thermogenesis-related genes 

was increased after heat exposure (Fig.  6C) and adap-
tive thermogenesis pathway was significantly activated 
(Fig. 6D). The GSEA analysis also showed that the path-
ways of adipogenesis (Fig. 6E) and triglyceride catabolism 
(Fig. 6F) were induced after heat exposure.

Heat exposure promotes mitophagy in goat brown 
adipocytes
In the KEGG results, mitophagy was a significantly 
enriched item, therefore we tried to investigate whether 
heat exposure regulates brown adipocytes thermo-
genesis through activating mitophagy. We found that 

Fig. 4  Heat exposure affects lipogenesis of brown adipocytes. (A) Oil Red O staining of brown adipocytes at 37℃ and exposure to 42℃ for different time 
(scale bar = 200 μm). (B) The absorbance of Oil Red O dye at 510 nm was detected (n = 6); (C) qPCR analysis of lipogenesis genes at 37℃ and exposed to 
42℃ for different time (n = 6). Data are presented as mean ± SEM. *p < 0.05 and **p < 0.01 versus the corresponding controls are indicated

 

Fig. 3  Heat exposure affects thermogenesis of brown adipocytes. (A) Mito-tracker staining of mitochondria in brown adipocytes after different treatment 
time (scale bar = 200 μm). (B) The fluorescence intensity was calculated by ImageJ (n = 6); (C) Mitochondria DNA content of brown adipocytes in 37℃ 
and exposed to 42℃ for 12 h (n = 6); (D) qPCR analysis of thermogenic genes expression of brown adipocytes in 37℃ and exposure to 42℃ for different 
time (n = 6); (E) Western blotting of thermogenic proteins of brown adipocytes in 37℃ and 42℃, vinculin was considered as loading control; (F) The gray 
value of UCP1 and PGC1α proteins (n = 2). Data are presented as mean ± SEM. *p < 0.05 and **p < 0.01 versus the corresponding controls are indicated
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the expression of mitophagy-related genes (BNIP3 and 
BECN) was significantly elevated after heat exposure 
(p < 0.05) (Fig.  7A). We further examined autophagy-
related protein (LC3B), and mitophagy-related protein 
(PINK1, BNIP3 and BECN) (Fig. 6B). LC3BII / LC3BI was 
significantly increased (p < 0.05) (Fig. 7C) after heat expo-
sure. In addition, the expression of BNIP3 and BECN 
proteins was also significantly up-regulated (p < 0.05) 
(Fig. 7D and E) and PINK1 showed no significant change 
after heat exposure (Fig.  7F). Moreover, the results of 
transmission electron microscopy (TEM) showed the 
amounts of autophagosomes and mitophagosomes was 
increased in heat treatment group (Fig. 7G). These results 
indicate that heat exposure promotes thermogenesis 
through activating mitophagy in goat brown adipocytes.

Discussion
Brown adipose tissue (BAT) plays a major role in new-
born ruminants to maintain body temperature in the 
severe cold and the strategies to elevate BAT thermo-
genesis can reduce the death rate of newborn ruminants 
[25]. The temperature of external environment directly 
affects the capacity of thermogenetic adipose tissues. In 
the prior studies, it has shown that cold exposure induces 

the thermogenesis of brown [26–28] and beige adipose 
tissues [29, 30] by activating the hypothalamic-pituitary-
adrenal axis. Norepinephrine secreted by the adrenal 
glands activates the β3-adrenergic receptors on brown 
adipocytes and up-regulates the expression of thermo-
genic genes like UCP1 and PGC1α while accelerating 
lipolysis to promote thermogenesis [31]. Except in cold 
conditions, the heat stimulation also has an impact on 
BAT thermogenesis. A recent study has demonstrated 
that local hyperthermia therapy promotes the thermo-
genesis of beige adipose in human and mice [16]. In this 
study, we built the heat exposure model of goat brown 
adipocytes and results indicated that the thermogenesis 
capacity was elevated and the level of thermogenesis and 
adipogenesis genes were also up-regulated. In addition, 
we also found that the items of thermogenesis, fatty acid 
degradation in the KEGG enrichment, and triglyceride 
catabolism in GSEA analysis were highly enriched. Fatty 
acid is a crucial fuel of thermogenesis [32] and the rela-
tionship between fatty acid and thermogenesis after heat 
exposure is still worth investigating.

In heat exposure experiments, shorter durations of heat 
treatment can increase body temperature and plasma 
norepinephrine (NA) levels [33], while the expression 

Fig. 5  RNA-seq reveals the effects of heat exposure on goat brown adipocytes. (A) Schematic figure of cell culture, 42℃ treatments for 12 h and RNA-
seq; (B) The PCA plot showed that 37℃ and 42℃ groups were separated into two clusters; (C) Differential gene expression profiles between 37℃ and 
42℃ group; (D) KEGG enrichment analysis for up-regulated DEGs after heat exposure; (E) KEGG enrichment analysis for down-regulated DEGs after heat 
exposure
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of UCP1 also elevated after 60  min heat exposure [34]. 
However, prolonged heat exposure can induce a state 
of heat stress in animals, which has a broad impact on 
their physiological functions. Studies have shown that 
heat stress can disrupt intestinal integrity [35], attenuate 
appetite [36], and reduce the activity of brown adipose 
tissue (BAT) [37]. The physiological changes induced by 
heat stress may affect the functionality of adipocytes, 
leading to varying thermogenic effects depending on the 
duration of heat exposure. Therefore, the duration of heat 
exposure is crucial. It has been reported that a 24 h heat 
exposure is considered short-term, while 72  h is classi-
fied as long-term [38–40]. To investigate the impact of 
heat exposure on brown adipocytes, we selected different 
durations for the heat exposure experiment and assessed 
cell viability. In this study, the chosen of short-term heat 
exposure (12  h) takes these physiological impacts into 
account, especially considering the potential inhibitory 
effects of heat stress on brown adipocyte activity when 
studying their function.

Previous studies mainly focused on heat exposure in 
white adipocytes. Prolonged heat exposure performed on 
adipocytes promotes adipogenic differentiation and lipid 
accumulation of 3T3-L1 preadipocytes [41] and porcine 
stromal vascular fractions (SVFs) [42]. Even the ability of 
adipogenic differentiation of human mesenchymal stro-
mal cells has also been promoted under mild heat stress 
[23]. In previous studies, heat exposure elevates levels of 
lipogenesis and induces the expression of lipid-synthesis 
related genes [43, 44]. On the contrary, short-term heat 
exposure (also regarded as acute heat exposure) on adi-
pocytes leads to lipolysis and impairs lipogenesis. After 
30 and 60 min, 42℃ heat exposure in 3T3-L1 preadipo-
cytes significantly impairs the early adipogenesis [22]. 
Lipolysis is also promoted after heat exposure for 1 h in 
bovine adipocytes [24]. In the current study, we found 
that TG content was decreased at 1 h, 2 h, and 6 h and no 
differences were observed at 12  h in brown adipocytes. 
The fall and subsequent rise of TG content is consistent 
with the expression of lipogenesis genes and lipolysis 
genes. The results of GSEA analysis also indicated that 

Fig. 6  RNA-seq reveals that heat exposure activates the thermogenesis and adipogenesis of goat brown adipocytes. (A) Heat map of TPM values of up-
regulated heat shock proteins family genes and genes that respond to heat after heat exposure. (B) Gene set enrichment analysis (GSEA) item cellular re-
sponse to heat was activated by heat exposure; (C) Heat map of TPM values of up-regulated thermogenesis related genes after heat exposure; (D-F) GSEA 
items adaptive thermogenesis, adipogenesis, and triglyceride catabolism were activated by heat exposure. NES stands for normalized enrichment score
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the adipogenesis and triglyceride catabolism pathways 
were activated after 12  h heat exposure, indicating that 
the lipogenesis and lipolysis are both induced after 12 h 
heat exposure in goat brown adipocytes.

The capacity of thermogenesis is closely associated 
with mitochondrial function. Current research indi-
cates that heat exposure impairs the structure and func-
tion of mitochondria [45] and creates plenty of damaged 
mitochondria [46]. Mitophagy is a selective process that 
wraps and degrades damaged mitochondria. This process 
maintains mitochondrial homeostasis and normal respi-
ration of cells [47]. It has a pivotal role in thermogenesis 
and lack of mitophagy impairs the thermogenesis of BAT 
[48]. However, heat induced mitophagy in brown adi-
pose tissues has not yet been reported. In this study, we 
found that the mitophagy was induced and the number 
of mitophagosomes was increased after heat exposure in 
goat brown adipocytes.

Mitophagy occurs in many organs and tissues to 
maintain the correct biological process of mitochon-
dria and can be divided into two main pathways, 

ubiquitin-dependent and ubiquitin-independent pathway 
[49]. The ubiquitin-dependent pathway relies on mas-
sive ubiquitin recruited on the surface of mitochondria, 
mediated by the interaction of PINK1-Parkin [50]. The 
ubiquitin-independent pathway, also known as receptor-
mediated mitophagy, is mediated by mitochondrial sur-
face receptors, such as BNIP3, BNIP3L, and FUNDC1 
[51–53]. In our RNA-seq results, the mitophagy pathway 
was induced. Then, we tried to figure out whether the 
mitophagy occurred and which kind of mitophagy was 
the primary pathway in heat exposed goat brown adipo-
cytes. Therefore, we determined mitophagy-related effec-
tors including LC3B, PINK1, and BNIP3. The protein 
level of PINK1 has no difference changes after heat expo-
sure. However, the protein level of BNIP3 was induced 
and the LC3BII/LC3BI ratio was significantly elevated 
after heat treatment. These results support that the 
BNIP3-mediated mitophagy was induced by heat treat-
ment. Therefore, the BNIP3-mediated mitophagy occur-
ring in goat brown adipocytes may be a cellular response 
to heat treatment.

Fig. 7  Heat exposure promotes mitophagy in goat brown adipocytes. (A) Heat map of TPM values of up-regulated mitophagy-related genes after heat 
exposure; (B) Western blotting of mitophagy-related proteins brown adipocytes in 37℃ and exposed to 42℃ for 12 h, vinculin was used as loading con-
trol (n = 2). (C-F) The gray value of LC3BII/LC3BI, BNIP3, BECN, and PINK1 proteins (n = 2). (G) Transmission electron micrographs of brown adipocytes after 
heat exposure (scale bar = left, 2 μm; right, 500 nm; M, mitochondrion; ER, endoplasmic reticulum; N, nuclear; Red arrow, auto/mitophagosome). Data are 
presented as mean ± SEM. *p < 0.05 and **p < 0.01 versus the corresponding controls are indicated
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In neonatal goat kids, brown adipose tissue (BAT) is 
essential for thermogenesis and maintaining body tem-
perature, as they have limited thermoregulation abil-
ity after birth [1]. BAT activation is particularly crucial 
during the early postnatal period to protect against cold 
[54]. Based on our research, we found that short-term 
heat exposure can activate thermogenesis in brown adi-
pocytes. This finding provides insights for the postnatal 
care of neonatal goats. By implementing short-term heat 
exposure strategies, we can enhance the thermogenic 
capacity of neonatal goats, thereby improving their cold 
resistance. Finally, there were some limitations to our 
research. The RNA-seq analysis was conducted at the 
12  h time point, longer time points were not included, 
and we did not further evaluate cell vitality changes 
between the 12 h and 24 h heat exposure. Furthermore, 
our study used female neonatal goats, and the potential 
impact of sex differences on the results remains unad-
dressed. We will focus on the longer duration of heat 
exposure and sex differentiation in future research.

Conclusion
This study was designed to identify the effect of heat 
exposure on goat brown adipocytes. These results indi-
cate that the lipogenesis and lipolysis of brown adipo-
cytes were induced after 12 h heat exposure. In addition, 
heat exposure promoted the thermogenesis through 
activating mitophagy in goat brown adipocytes. This 
study inspires us that heat exposure has the potential to 
improve thermogenesis in goat kids and has implications 
for postnatal care strategies in neonatal goats. Our study 
presents evidence supporting the role of heat exposure 
in the adaptive thermogenesis regulation of goat brown 
adipocytes.

Materials and methods
Experimental animals
All Chuanzhong black goats were maintained at the 
breeding center of Sichuan Agricultural University, Ya’an, 
China. We chose three female newborn goat kids, which 
were delivered by three ewes at the same day (body 
weight 2.4 ± 0.2  kg). The goat kids were wiped and fed 
colostrum (30 mL/kg BW). After 24  h, these goat kids 
were injected with su mian xin (0.1mL/kg BW, Shengda, 
Changchun, China), and sacrificed by arterial bleeding 
under full anesthesia.

Brown adipose-derived stromal vascular fractions (SVFs) 
isolation and culture
The stromal vascular fractions (SVFs) were separated 
from the perirenal brown adipose tissues of the above 
three female Chuanzhong black goats, minced and 
digested with 0.1% collagenase I in HBSS buffer supple-
mented with 2% penicillin-streptomycin at 37  °C for 

1  h. To neutralize the collagenase, an equal volume of 
DMEM/F-12 medium containing 2% penicillin-strep-
tomycin and 15% fetal bovine serum (FBS) was added. 
The digested tissue was then filtered through a 100  μm 
cell strainer, followed by centrifugation at 500 × g for 
5 min. The cell pellets were resuspended in DMEM/F-12 
medium containing 1% penicillin-streptomycin and 10% 
FBS, filtered through a 40  μm cell strainer. Then, SVFs 
were suspended in DMEM/F12 with 10% FBS and incu-
bated at 37℃ with 5% CO2.

Brown adipocytes differentiation and heat treatments
After 2 days of complete confluence, 1 µM rosiglitazone, 
850 nM insulin, 1 nM triiodothyronine, 0.5 mM IBMX, 
and 5 µM dexamethasone were added into DMEM/
F12 with 10% FBS to induce the SVFs to differentiate 
to brown adipocytes. The differentiation medium was 
replaced with maintenance medium (DMEM/F12 added 
10% FBS, 1 µM rosiglitazone, 1 nM triiodothyronine, and 
850 nM insulin) after two days. On the eighth day, brown 
adipocytes were treated at 37℃ (NC) or 42℃ (HE). The 
HE groups suffered different heat treatment times, as 1, 
2, 6, and 12 h. After heat treatments, cells were returned 
to 37℃ with 5% CO2 incubator for 24  h, then the cells 
were harvested. The cell culture schema is listed in Table 
S3.

RNA isolation and qPCR
Total RNA was isolated from brown adipocytes using 
RNAiso (TAKARA, Tokyo, Japan), a reagent that effi-
ciently extracts high-quality RNA using a guanidine 
thiocyanate-based method, protecting RNA from degra-
dation. Adipocytes were exposed to 42℃ heat treatment 
for 1, 2, 6, and 12 h, followed by recovery at 37℃ 24 h, 
and then lysed using RNAiso reagent for RNA extraction 
with chloroform. RNA was then precipitated with iso-
propanol, washed with ethanol, and air-dried. Finally, the 
RNA was dissolved in nuclease-free water and the con-
centration was determined by NanoDrop 2000 (Thermo, 
MA, USA). The concentration and integrity of RNA are 
listed in Table S4 and Fig S2A. Subsequently, 1 µg of total 
RNA was reverse transcribed to cDNA by HiScript III 1st 
Strand cDNA Synthesis Kit (Vazyme, Nanjing, China) for 
subsequent qPCR analysis. GAPDH and PFDN5 served as 
reference genes to normalize gene expression levels fol-
lowing the 2−ΔΔCt method. Primer sequences are shown 
in the primer list (Table S1).

Cellular viability determination
Cells were cultured in cell incubator with 5% CO2 for 
8 days before undergoing different durations of 42  °C 
heat treatment. Subsequently, the cells were returned to 
37  °C for 24 h. After that, the cell viability was assessed 
by the CCK-8 kit (SK2060, Coolaber, Beijing, China). The 
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CCK-8 was added into medium and incubated at 37℃ 
for 1 h, then assess the cell viability through absorbance 
measurement at 450 nm.

Mitochondrial content determination
The TIANamp Genomic DNA Kit (Tiangen, Beijing, 
China) was employed for isolating total DNA from 
brown adipocytes. Briefly, brown adipocytes were lysed 
with the provided lysis buffer, and the DNA was purified 
by passing the lysate through a silica-based membrane 
to remove contaminants. The extracted DNA was then 
eluted in the provided elution buffer and stored at -20 °C. 
DNA concentration was determined by NanoDrop 2000. 
The concentration and integrity of DNA was listed in 
Table S5 and Fig S2B. The mitochondria content was 
measured by qPCR analysis. The Ct value ratio of mito-
chondrial D-loop to nuclear TBP was considered the rela-
tive content of mitochondria.

Mitotracker stain
Adipocytes were stained with the solution containing 
Mito-Tracker Red CMXRos (1:5000, Beyotime, Shanghai, 
China) and incubated under cell culture condition for 
30 min. After that, we observed the cells under an elec-
tron microscope at 579 nm.

Oil red O staining
After heat exposure, brown adipocytes were fixing with 
4% paraformaldehyde. The paraformaldehyde was dis-
carded after 30  min and 60% isopropanol was added 
for 2 min. Cells was stained with diluted oil red O solu-
tion for 30 min, followed by washing the excess solution 
with distilled water. Finally, the oil red O dye was further 
diluted with 100% isopropanol and measured the absor-
bance at 490 nm.

Western blotting
Total protein was obtained by Bestbio Total Protein 
Extraction Kit (BB-3101, Bestbio, Shanghai, China) from 
brown adipocytes. The adipocytes were washed with PBS 
and lysed using a lysis buffer containing protease inhibi-
tors and phosphatase inhibitors. Then the lysates were 
centrifuged at 4  °C, 12,000×g for 15  min. The superna-
tant was collected as the protein sample. The concen-
tration of protein was detected with Bicinchoninic Acid 
(BCA) method. The 20µL protein samples were mixed 
with BCA working solution and incubated at 37℃ for 
30 min, then measured the absorbance at 562 nm. Equal 
amounts of protein are mixed with SDS sample buffer 
and electrophoresis was performed on a 10% SDS-PAGE 
gel. Proteins were transferred from the gel onto a poly-
vinylidene fluoride (PVDF) membranes and blocked 
with 5% non-fat milk powder in TBST. The rabbit pri-
mary antibodies were diluted to 1:500 for anti-UCP1 

(Cell Signaling Technology, MA, USA), 1:1000 for anti-
Vinculin, anti-PGC1α, anti-BNIP3, anti-PINK1 and anti-
BECN (Abclonal, Wuhan, China), 1:500 for anti-LC3B 
(Abclonal, Wuhan, China) and the secondary antibody 
was diluted to 1:1000 for HPR-labeled goat anti-rabbit 
IgG (Abclonal, Wuhan, China). At last, we used BeyoECL 
Plus detection system (Beyotime, Shanghai, China) and 
a ChemiDoc Imaging Systems (Bio-Rad, CA, USA) to 
determine target proteins. The bands of target protein 
were quantified with ImageJ [55] through calculating gray 
value intensity. The whole membrane images were shown 
in Fig. S1.

Immunocytochemistry and BODIPY staining
The adipocytes were fixed for 15  min as previously 
described and treated with 0.25% Triton X-100 for 
10  min. After three times washing with PBS, cells were 
incubated overnight at 4 °C with primary antibodies: rab-
bit anti-UCP1 (1:100, Cell Signaling Technologies). Fol-
lowing this, cells were treated with secondary antibody 
Cy3 goat Anti-Rabbit IgG (1:500, Abclonal, Wuhan, 
China) at 37 °C for 1 h. At last, adipocytes were stained 
5 µM BODIPY (Invitrogen, CA, USA) with DAPI (Beyo-
time, Shanghai, China) and inspected under fluorescence 
microscopic observation.

RNA-seq library construction and sequencing
Total RNA was isolated from the brown adipocytes fol-
lowing exposure at 37–42  °C using RNAiso (TAKARA, 
Tokyo, Japan). Total RNA concentration was deter-
mined with NanoDrop 2000 (Thermo, MA, USA). The 
mRNA was enriched from total RNA using poly-T oligo-
attached magnetic beads and then synthesized double-
stranded cDNA. We constructed a total of 12 RNA-seq 
libraries across two groups: control group (37  °C) and 
heat exposure group (42 °C), ensuring 6 biological repli-
cates for each group. The 12 different libraries were pre-
pared to compare the gene expression profiles between 
the control (37  °C) and heat-exposed (42  °C) groups. 
After purification, the sequencing was performed using 
the PE150 strategy on Illumina Novaseq6000 platform at 
Novogene Bioinformatics Technology Co., Ltd (Beijing, 
China). Summary statistics of RNA-seq sequencing data 
are listed in Table S2.

RNA-seq analysis procedure
Raw data were screened out all low-quality reads to 
obtain clean data. After that, HISAT2 (v2.2.1) [56] was 
employed to align clean reads to the goat reference 
genome (ARS1.2). Aligned data were assembled and 
qualified. Differential expressed genes were analyzed by 
edgeR [57] and the significance of differential expressed 
genes was set at p < 0.05 and|Log (fold change)| > 1. At 
last, GO and KEGG were employed for genes functional 
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annotation and enrichment analysis through Metascape 
(http://metascape.org/ (accessed on 15 May 2023)), 
p < 0.05 was considered significant enrichment. GSEA 
analysis was conducted with GSEA software (v4.3.2, ​h​t​t​p​​
s​:​/​​/​w​w​w​​.​g​​s​e​a​​-​m​s​​i​g​d​b​​.​o​​r​g​/​g​s​e​a​/​i​n​d​e​x​.​j​s​p).

Transmission electron microscopy
Adipocytes were washed with 0.1  M phosphate buffer 
(PB) (pH 7.4) and fixed with 2.5% glutaraldehyde for 2 h, 
followed by gentle scraping with a cell scraper. Subse-
quently, adipocytes were washed twice in 0.1 M PB and 
then fixed in 1% osmic acid for 1  h. Dehydration was 
achieved through a concentration gradient of ethanol 
and acetone before embedding the cells in 812 epoxy res-
ins (Sigma-Aldrich, MO, USA). 60 nm ultrathin sections 
were sliced from the blocks and stained with 2% uranyl 
acetate and 2.6% lead citrate, respectively. Finally, the 
HT7800 transmission electron microscope (HITACHI, 
Tokyo, Japan) was employed to observe the sections.

Statistical analysis
All quantitative data are presented as mean ± SEM, ana-
lyzed and visualized with GraphPad Prism 8.0. The 
unpaired Student’s t test was used for comparing two 
groups, while one-way ANOVA with Tukey’s multiple 
comparisons was employed to compare multiple groups. 
p < 0.05 was assumed as significant and p < 0.01 was 
assumed as extremely significant.
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