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Abstract: Background: Obesity is a critical public health concern with its prevalence growing at an
alarming rate worldwide. The Western diet that typically includes high-fat or high-fructose components
is one of the leading contributing factors of obesity. Recent findings demonstrate the essential role of BAT
in regulating whole-body metabolism. However, the explicit mechanism through which BAT maintains
homeostasis is still unknown. Methods: Six-week-old C57BL/6 male mice were fed either a low-fat
diet (LFD) or a high-fat high-fructose diet (HFHFD) for 4, 12, and 20 weeks. Results: We observed
a significant increase in BAT weight under HFHFD along with BAT whitening in a time-dependent
manner. This was also accompanied by a significant decrease in UCP1 and PGC1α protein, as well as a
significant increase in the Bax/Bcl-2 ratio as early as 12 weeks, indicating increased apoptosis under
HFHFD. Interestingly, miRNA-103 expression that holds a seed sequence within the miRNA biogenesis
machinery, Dicer, was significantly upregulated after 12 and 20 weeks of HFHFD. Dicer and another
biogenesis regulator, TRBP2, exhibited significant upregulation at 4 weeks of HFHFD. Conversely,
those gene expressions were significantly downregulated at 12 and 20 weeks of HFHFD, followed
by a significant decrease in the protein level at 12 weeks. To confirm the mechanistic connection,
miRNA-103 knockdown in vitro significantly upregulated Dicer and the TRBP2 gene. However, only
Dicer exhibited a significant increase at the translational level. Conclusion: Overall, we conclude that
HFHFD may elicit BAT dysfunction by inhibiting Dicer via miRNA-103.
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1. Introduction

Obesity is a global epidemic associated with the risk of developing chronic diseases
such as type 2 diabetes, cardiovascular disease, cancer, and metabolic syndrome [1]. The
primary cause of obesity is an imbalance in energy homeostasis [2]. In a healthy state,
energy intake is equivalent to energy expenditure, allowing a standard body weight to be
maintained. Conversely, failure to maintain energy homeostasis by either overconsumption
or reduced expenditure can result in a multitude of detrimental health conditions [3].
Therefore, therapeutic strategies generally include either the targeting of increasing energy
expenditure or the reducing energy intake. These targets provide promising avenues to
combat obesity and its associated metabolic complications. In this context, significant
advancements have been made in unraveling white adipose tissue (WAT) mechanisms to
reveal potential approaches for reducing fat accumulation [4]. Recently, there has been
an emphasis on the approaches that are centered around brown adipose tissue (BAT)
due to its unique inherent ability to modulate global energy expenditure in the form
of heat [5]. This exceptional feature of BAT, to dissipate energy through non-shivering
thermogenesis, underscores its importance as a crucial target in combating obesity [6].
The emphasis on the benefits of BAT in humans is demonstrated by recent studies that
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established an association of higher participant BAT content with lower blood glucose
and triglyceride levels, as well as improved HDL levels and cardio-metabolic health [7,8].
Despite the positive observational outcomes, queries persist regarding the coordinated
regulation of thermogenic mechanisms and the potential involvement of non-coding RNAs
in these scenarios.

The thermogenic ability of BAT is primarily known to be regulated by uncoupling
protein 1 (UCP1) and its regulator peroxisome proliferative activated receptor gamma
coactivator 1 alpha (PGC1α) [9]. Several types of diet can affect the function of BAT [10,11].
Rodents fed on a ketogenic diet exhibited two-fold increases in the expression of UCP1
and total number of mitochondria in BAT [12]. In contrast, a high-fat diet (HFD) has
been demonstrated to play a significant role in promoting obesity and inducing BAT
dysfunction [13]. Evidence has indicated that the consumption of HFD can cause whitening
of BAT that is characterized by an increase in lipid accumulation, mitochondrial dysfunction,
and diminished thermogenic capability [13,14]. HFD-fed obese mice display a reduction in
thermogenesis along with elevated apoptotic marker expression in BAT [15]. Further, BAT
ablation has been established to decrease energy expenditure and promote obesity under
HFD exposure [6]. It has also been revealed that a single day of HFD feeding is also enough
to trigger the early signs of BAT whitening and insulin resistance in mice [16]. A recent
clinical study showed that BAT glucose uptake, rather than thermogenesis, is compromised
by a high-fructose diet, but not a high-glucose diet [17]. Despite the current understanding
of diet-induced BAT dysfunction caused by either a high-fat or high-fructose diet, the
combined effect of a high-fat high-fructose diet (HFHFD) on epigenetic regulation of BAT
remains unexplored. Additionally, although sporadic time points were used in different
studies, none investigated the progression over a period of time in a single study.

The Western diet has been shown to induce metabolic syndrome and other related dis-
orders via dysregulation of epigenetic reprogramming such as DNA methylation, histone
modifications, and regulation of non-coding RNAs [18]. Among these multiple epigenetic
mechanisms, regulation of several microRNAs (miRNAs), a type of short noncoding RNAs,
has been emphasized to be altered by diets [19,20]. One of the epidemiological studies
revealed that HFD could induce metabolic endotoxemia as well as elevate the levels of
both pro-inflammatory cytokines and circulating miRNAs [21]. Certain miRNAs that were
previously identified as the regulators of WAT adipogenesis have also demonstrated their
involvement in BAT function [22]. In a diet-induced obesity model, the knockdown of
certain miRNAs led to enhanced whitening in all depots of WAT and promoted more
browning in BAT of the mice [23]. Alongside these physiological changes, it was identified
that miRNA deficiency contributed to the activation of the transcriptional pathway direct-
ing thermogenesis via deacetylation of PGC1α [23]. The above study and a couple of other
studies confirm that a mechanism of miRNAs plays a pivotal role in post-transcriptional
regulation of BAT function [24]. Although the above evidence indicates that miRNAs are
associated with the regulation of thermogenesis pathways in BAT, it remains unknown
whether miRNA biogenesis regulators are involved in diet-induced BAT dysfunction. The
miRNA biogenesis machinery has been described to be sensitive to hormonal regulation
and dietary change [25]. Recently, two groups have investigated the role of specific miR-
NAs that regulate BAT function by impairing miRNA processing via miRNA biogenesis
machinery [22,26]. Knockdown of the biogenesis machinery regulator Dicer or DGCR8
in mice triggered increased WAT accumulation and promoted BAT whitening, leading to
defective metabolic function [22,26,27]. In the present study, we investigated the involve-
ment of one specific miRNA and miRNA biogenesis machinery in BAT dysfunction under
a high-fat high-fructose diet in a time-dependent manner.

2. Materials and Methods
2.1. Animals and Diets

C57BL/6 male mice were procured from Jackson Laboratory and were acclimatized.
Mice were fed on a chow diet (PicoLab Rodent Diet 5053, Lab Supply, Fort Worth, TX,
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USA) and water ad libitum in a controlled room with a 12:12 h light/dark cycle until
randomization. Six-week-old male mice were divided into two groups and fed either a
low-fat diet (LFD, 20% protein, 10% fat, and 70% carbohydrates, Research Diet Inc., New
Brunswick NJ, USA, D12450H) or a high-fat high-fructose diet (HFHFD, 20% protein, 45%
fat, and 35% carbohydrates, Research Diet Inc., New Brunswick, NJ, USA, D15041701) for
either 4 weeks (short-term), 12 weeks (mid-term), or 20 weeks (long-term). At the end of
each time point, BAT was excised, weighed, and flash-frozen in liquid nitrogen immediately
on the day of sacrifice. All procedures were performed in compliance with relevant laws
and institutional guidelines and have been approved by the Institutional Animal Care
and Use Committee of the Institute of Biosciences & Technology at the Texas A&M Health
Science Center (IACUC 2014-0338-IBT).

2.2. mRNA and miRNA Extraction and RT-PCR

mRNA was extracted using the Qiagen RNeasy mini kit. Reverse transcription was
carried out using the High-Capacity cDNA Reverse Transcription Kit according to the
manufacturer’s protocol (Life Technologies, Grand Island, NY, USA). The expression levels
of genes were determined by quantitative real-time PCR using the Powerup Sybr Green
PCR Master Mix (Life Technologies, NY, USA). Relative gene expression was normalized to
β-actin and represented as a fold change as previously described. miRNA was extracted
using the Qiagen RNeasy mini kit according to the manufacturer’s protocol. Extracted
miRNA’s cDNA synthesis and miRNA-specific quantitative real-time PCR were performed.
The miRNA expression was normalized to U6 and expressed as relative expression com-
pared to the control low-fat diet. Relative miRNA expression was analyzed using the
delta–delta comparative threshold cycle (2−∆∆Ct) method and represented as a fold change.
The primers’ sequences are shown in Table A1.

2.3. Western Blot Analysis

Protein lysate was prepared as described previously [28]. Briefly, whole tissue lysates/cell
lysates were separated by SDS-PAGE and transferred onto PVDF membranes. Odyssey
blocking buffer (LI-COR Biosciences, Lincoln NE, USA) was used as a blocking agent for
the membrane. After blocking, membranes were incubated with a specific primary antibody
diluted 1:1000 before use (UCP1 #14670S, PGC1α #2178S, Bax #2772S, and Bcl2 #2876S from Cell
Signaling, MA, USA; Dicer #ab227518 from Abcam, Cambridge, UK, and TRBP2 #orb248147
from Biorbyt, Cambridge, UK) at 4 ◦C overnight followed by LiCor IRDye® secondary antibody
(LI-COR Biosciences, 1:10,000). Bands were then visualized using an Odyssey scanner and
Image Studio software, version 5.2 (LI-COR Biosciences). Pre-stained protein markers were
used as a reference for molecular weight determination andβ-actin (# D6A8 from Cell Signaling,
Boston, MA, USA) was used as a loading control. A protein expression study of the 20-week-
old group was not conducted due to an insufficient BAT sample quantity. Also, due to the
insufficient sample quantity, the same blot was used to re-probe UCP1, PGC1α, Dicer, TRBP2,
and Actin in 4- and 12-week-old samples (Figures 2a and 4b).

2.4. Transient Transfections and miRNA-103 Knockdown Assay

The brown adipocyte T37i cell line was procured commercially (#SCC250, Millipore
Sigma, St. Louis, MO, USA). Cells were cultured and seeded at a density of 2 × 104 cells
per well in a 24-well plate and transiently transfected with 25 pmol mirVana™ miRNA-103
inhibitor (Ambion, USA, cat# 4464084) and mirVana™ miRNA Inhibitor, Negative Control
#1 (Ambion, USA, cat# 4464076). After transfection, T37i cells were differentiated with
T37i Expansion Medium (DMEM/F12 with HEPES, L-Glutamine and 10% FBS) containing
2 nM 3,3′,5-Triiodo-L-thyronine (T3) (Sigma T5516), and 20 nM insulin (Sigma I-1882) for
6 days. Expression of miRNA-103 was examined to ensure efficient knockdown followed
by miRNA biogenesis machinery analysis.
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2.5. Bioinformatic Analysis

TargetScan (https://www.targetscan.org/vert_80/, 1 September 2021) was used to
identify the seed sequence similarity of the target genes and to predict the biological targets
of miRNAs.

2.6. Statistical Analysis

All results are expressed as means ± standard error (SEM). Two groups were compared
using the unpaired Student’s t-test. The statistical significance of differences among three
or more groups was compared using one-way ANOVA, followed by Dunnett’s post hoc
test. p < 0.05 was considered statistically significant. Statistical analyses were performed
using Graph Pad Prism software (GraphPad, Boston, MA, USA).

3. Results
3.1. HFHFD-Fed Mice Exhibit Enlarged and Whitened BAT

BAT whitening has been described to be marked by the accumulation of large lipid
droplets and compromised thermogenic capacity [29]. BAT from HFHFD-fed mice showed
increased visible whitening after 12 weeks compared to LFD fed mice (Figure 1a). This
whitening became more pronounced after 20 weeks of HFHFD. However, no significant
visible change was observed at 4 weeks of HFHFD (Figure 1a). The mice fed on HFHFD
also exhibited increased BAT weight compared to those fed LFD after 12 and 20 weeks
(p < 0.001) (Figure 1b). There was no significant change in BAT weight for HFHFD-fed mice
over 4 weeks.

Obesities 2024, 5, FOR PEER REVIEW 4 
 

 

with T37i Expansion Medium (DMEM/F12 with HEPES, L-Glutamine and 10% FBS) con-
taining 2 nM 3,3′,5-Triiodo-L-thyronine (T3) (Sigma T5516), and 20 nM insulin (Sigma I-
1882) for 6 days. Expression of miRNA-103 was examined to ensure efficient knockdown 
followed by miRNA biogenesis machinery analysis. 

2.5. Bioinformatic Analysis 
TargetScan (https://www.targetscan.org/vert_80/, 1 September 2021) was used to 

identify the seed sequence similarity of the target genes and to predict the biological tar-
gets of miRNAs. 

2.6. Statistical Analysis 
All results are expressed as means ± standard error (SEM). Two groups were com-

pared using the unpaired Student’s t-test. The statistical significance of differences among 
three or more groups was compared using one-way ANOVA, followed by Dunnett’s post 
hoc test. p < 0.05 was considered statistically significant. Statistical analyses were per-
formed using Graph Pad Prism software (GraphPad, Boston, CA, USA). 

3. Results 
3.1. HFHFD-Fed Mice Exhibit Enlarged and Whitened BAT 

BAT whitening has been described to be marked by the accumulation of large lipid 
droplets and compromised thermogenic capacity [29]. BAT from HFHFD-fed mice 
showed increased visible whitening after 12 weeks compared to LFD fed mice (Figure 1a). 
This whitening became more pronounced after 20 weeks of HFHFD. However, no signif-
icant visible change was observed at 4 weeks of HFHFD (Figure 1a). The mice fed on 
HFHFD also exhibited increased BAT weight compared to those fed LFD after 12 and 20 
weeks (p < 0.001) (Figure 1b). There was no significant change in BAT weight for HFHFD-
fed mice over 4 weeks. 

 
Figure 1. HFHFD feeding promotes BAT whitening with increased tissue weight. Male C57BL/6 
mice were fed on either an LFD or HFHFD for 4, 12, and 20 weeks. The clear bar represents BAT 
from LFD mice and gray bar represents the BAT from HFHFD mice. (a) Representative images of 
BAT. (b) Tissue weight at the time of sacrifice (n = 6–8). Data shown as the mean ± SEM. *** p < 0.001 
compared to LFD. 

3.2. HFHFD Feeding Impairs BAT Function 
BAT thermogenesis is the key factor of homeostasis. Recent studies have shown that 

BAT homeostasis declines during obesity and impairs adaptive thermogenesis in humans 
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Figure 1. HFHFD feeding promotes BAT whitening with increased tissue weight. Male C57BL/6
mice were fed on either an LFD or HFHFD for 4, 12, and 20 weeks. The clear bar represents BAT
from LFD mice and gray bar represents the BAT from HFHFD mice. (a) Representative images of
BAT. (b) Tissue weight at the time of sacrifice (n = 6–8). Data shown as the mean ± SEM. *** p < 0.001
compared to LFD.

3.2. HFHFD Feeding Impairs BAT Function

BAT thermogenesis is the key factor of homeostasis. Recent studies have shown
that BAT homeostasis declines during obesity and impairs adaptive thermogenesis in
humans [26]. As there was BAT whitening with HFHFD feeding, we investigated the
protein expression levels of BAT-specific thermogenesis biomarkers. At 4 weeks of HFHFD
exposure, there was significant elevation of UCP1 protein levels (p < 0.05), but no change
in PGC1α expression levels when compared to LFD (Figure 2a). Interestingly, both UCP1
and PGC1α protein expression levels were significantly downregulated at 12 weeks of
HFHFD exposure (Figure 2a) (p < 0.05). The reduction in thermogenesis also induces
apoptosis in BAT and was measured by the Bax/Bcl-2 ratio. This ratio exhibited no change
at 4 weeks but was significantly higher (p < 0.01) in the BAT of mice exposed to an HFHFD
for 12 weeks compared to an LFD (Figure 2b). As 12 weeks had already demonstrated
impairment, in addition to lack of BAT to process, we were unable to analyze protein for
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20 weeks of samples. However, it is predicted that the long-term diet effect will reflect
similar dysregulation as was reported at 12 weeks.
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Figure 2. HFHFD feeding diminishes thermogenesis and elevates apoptosis in BAT. The clear
bar represents BAT from LFD mice and gray bar represents the BAT from HFHFD mice. Protein
expression levels of (a) thermogenesis markers: UCP1, and PGC1α (b) apoptosis markers: Bax and
Bcl2 in BAT of mice fed on LFD and HFHFD for 4 weeks and 12 weeks (n = 4). β-actin was used as
a loading control for Western blot analysis. Western blot images are representative of one of three
different experiments. Data shown as the mean ± SEM. * p < 0.05, and ** p < 0.01 vs. LFD.

3.3. Upregulation of miRNA-103/107 Expression in HFHFD-Fed Mice

Increasing evidence indicates that obesity is characterized by changes in the miRNA
expression profile of adipose tissue [30]. miRNA-103 and miRNA-107 are among the
upregulated miRNAs discovered in the several metabolic tissues of obese mice as well as in
obese human adipose tissue [31,32]. We observed that at 4 weeks, HFHFD had no effect on
miRNA-103; however, its homologue, miRNA-107, exhibited significant downregulation
(p < 0.001) (Figure 3a). Conversely, significantly higher expression levels of miRNA-103
and miRNA-107 were observed at weeks 12 and 20 of HFHFD exposure. As an established
mechanism of action of miRNAs is to inhibit gene expression via post-transcriptional
binding, we performed a seed sequence analysis of potential targets for miRNA-103 and
miRNA-107. Both miRNA-103 and -107 have a seed sequence within Dicer, a miRNA
biogenesis regulator (Figure 3b). This also indicates that these miRNAs and Dicer may
target similar pathways due to seed sequence similarity [33].
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3.4. HFHFD Feeding Inhibits miRNA Biogenesis Machinery

To determine the early molecular mechanisms of the observed BAT dysfunction in
HFHFD fed mice, we examined the expression of miRNA biogenesis machinery. Dicer,
Drosha, DGCR8, and TRBP2 are the major components of the miRNA-processing pathway.
In HFHFD-fed mice, the gene expression levels of Dicer and TRBP2 were significantly
increased compared to the LFD fed mice at 4 weeks (p < 0.01). This was followed by
a significant decrease at 12 and 20 weeks of HFHFD exposure (Figure 4a). Similarly, at
4 weeks of HFHFD exposure, the protein levels of Dicer were increased (p < 0.001), followed
by a significant decrease (p < 0.05) at 12 weeks (Figure 4b). In contrast, there was no change
in the TRBP2 protein level at 4 weeks of HFHFD exposure, yet there was a significant
decrease at 12 weeks (p < 0.05) (Figure 4b). This highlights a significant decrease in Dicer
and TRBP2 at both the transcriptional and translational levels after 12 weeks of HFHFD
exposure (p < 0.01 and p < 0.05, respectively). Further, the gene expression levels of both
Dicer (p < 0.01) and TRBP2 (p < 0.0001) were significantly decreased in BAT at 20 weeks of
HFHFD feeding (Figure 4a). The gene expression of other biogenesis regulators such as
Drosha and DGCR8 remained unchanged at all time points (Figure 4a).

3.5. miRNA-103 Mediated Regulation of miRNA Biogenesis Machinery In Vitro

To confirm the hypothesized miRNA-103/107-mediated regulation of miRNA biogenesis
machinery, we performed a knockdown study in the T37i brown adipocyte cell line (Figure 5a).
We only used miRNA-103 as the mature miRNA-103. On this note, the miRNA-107 sequence
differs only by one nucleotide at position 21, which cannot be distinguished by Northern
blotting [31]. Knockdown of miRNA-103 led to the upregulation of Dicer and TRBP2 gene
expression when compared to the negative control (Figure 5b). Consistent with our findings
in vivo, miRNA-103 knockdown did not alter the gene expression of Drosha and DGCR8
(Figure 5b). Protein levels of Dicer and TRBP2 were subsequently evaluated as well. Dicer
exhibited elevated protein expression compared to the negative control (p < 0.01), while TRBP2
showed no change (Figure 5c).
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also contains a high-fructose content in addition to high-fat content. To our knowledge, 
there is currently no known information about the effect of a high-fat high-fructose diet 
on BAT dysfunction. Although the chow diet is generally used as the control for most 
metabolic research, we instead employed a low-fat diet as the control to mimic the real-
life scenario, as healthy people also consume a certain amount of fat regularly in their diet 
[38]. The use of LFD is highly recommended for in vivo studies rather than a chow diet to 
facilitate the NIH mission for additional rigor and reproducibility [39]. In addition to BAT 
whitening, the BAT mass increased due to HFHFD feeding in a time-dependent manner 
(Figure 1b). This correlates with the body weight progression in mice as previously re-
ported by our group [38]. An increase in BAT mass does not directly imply tissue dysfunc-
tion; however, whitening of BAT due to increased lipid accumulation contributes to body 
weight gain, dysregulated whole-body metabolism, and is a marker of BAT dysfunction 
[40]. For instance, a clinical study demonstrated that while the obese participants had el-
evated BAT masses, they did not have the corresponding defective thermogenesis [41]. In 
the present study, prolonged HFHFD effects were consistent with the previous studies 
where BAT weight was increased along with whitening under long-term HFD or fructose 
alone [17,42]. To elucidate the underpinning molecular mechanisms mediating the diet-
induced BAT dysfunction across different time periods, we then investigated key bi-
omarkers for thermogenesis and apoptosis. As whitened BAT is typically accompanied by 
diminished UCP1 and PGC1α thermogenic biomarkers [29], we first evaluated their ex-
pressions in the BAT. UCP1 and PGC1α were indeed altered in the BAT of mice fed an 
HFHFD (Figure 2). Under short-term HFHFD exposure, there was elevated UCP1 expres-
sion (Figure 2a) that may indicate an inherent adaptive mechanism of BAT [36]. Consistent 

Figure 5. miRNA-103 knockdown elevates Dicer expression in vitro. NC: negative control,
KD: miRNA-103 knockdown. The clear bar represents NC and gray bar represents KD. (a) miRNA-103
knockdown; (b) miRNA biogenesis machinery gene expression; (c) Western blot depicting Dicer and
TRBP2 protein levels upon miRNA-103 knockdown. Data shown as the mean ± SEM. ** p < 0.01, and
*** p < 0.001.
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4. Discussion

Brown adipose tissue is a crucial regulator in maintaining body temperature through
thermogenesis [34]. Several factors such as caloric excess, sedentary lifestyle or aging
can induce BAT dysfunction [35]. Our study uncovers a novel epigenetic mechanism in
diet-induced BAT dysfunction. Our findings reveal a significant progression of BAT whiten-
ing under HFHFD exposure when compared to LFD (Figure 1a). Although most visible
whitening characteristics emerged under longer exposure time periods, the initiation of
the process appears to have begun at earlier time points. This phenomenon is supported
by other studies where as little as 1 day or 2–4 weeks of exposure to HFD showed similar
characteristics in BAT [16,36]. Notably, previous mouse studies only demonstrated the
function of BAT solely with different types of HFD (i.e., varying percentages of total calories
from fat) compared to the chow diet [37]. In the present study, the experimental diet also
contains a high-fructose content in addition to high-fat content. To our knowledge, there is
currently no known information about the effect of a high-fat high-fructose diet on BAT
dysfunction. Although the chow diet is generally used as the control for most metabolic
research, we instead employed a low-fat diet as the control to mimic the real-life scenario,
as healthy people also consume a certain amount of fat regularly in their diet [38]. The use
of LFD is highly recommended for in vivo studies rather than a chow diet to facilitate the
NIH mission for additional rigor and reproducibility [39]. In addition to BAT whitening,
the BAT mass increased due to HFHFD feeding in a time-dependent manner (Figure 1b).
This correlates with the body weight progression in mice as previously reported by our
group [38]. An increase in BAT mass does not directly imply tissue dysfunction; however,
whitening of BAT due to increased lipid accumulation contributes to body weight gain, dys-
regulated whole-body metabolism, and is a marker of BAT dysfunction [40]. For instance,
a clinical study demonstrated that while the obese participants had elevated BAT masses,
they did not have the corresponding defective thermogenesis [41]. In the present study,
prolonged HFHFD effects were consistent with the previous studies where BAT weight was
increased along with whitening under long-term HFD or fructose alone [17,42]. To elucidate
the underpinning molecular mechanisms mediating the diet-induced BAT dysfunction across
different time periods, we then investigated key biomarkers for thermogenesis and apoptosis.
As whitened BAT is typically accompanied by diminished UCP1 and PGC1α thermogenic
biomarkers [29], we first evaluated their expressions in the BAT. UCP1 and PGC1α were indeed
altered in the BAT of mice fed an HFHFD (Figure 2). Under short-term HFHFD exposure,
there was elevated UCP1 expression (Figure 2a) that may indicate an inherent adaptive
mechanism of BAT [36]. Consistent with our observations, another study demonstrated
that a short-term (2–4 weeks) HFD feeding led to increased UCP1 levels in BAT [36]. In
contrast to short-term diet exposure, reduced UCP1 and PGC1α expression levels under
12 weeks of HFHFD exposure (Figure 2a) revealed that the dissipating capacity of BAT
might have been impaired in profound obese or diabetic conditions. We predict that this
may be pivoting from an adaptive state to an overburdened one, which aligns with sev-
eral previous studies where mice were subjected to HFD for longer time periods [29,42].
Specifically, these studies demonstrated that the significant body weight gain over time
due to high-fat diet challenge diminishes UCP1 and PCG1α expression in BAT [43]. It
has further been reported that mice fed on a high-fat high-glucose diet for 20 weeks also
experienced suppressed UCP1 and PGC1α expression [44]. The reduction in thermogenesis
due to obesity also induces apoptosis in BAT; therefore, it may be considered as one of
the causative factors for BAT dysfunction [45]. As predicted, the Bax/Bcl-2 ratio indicated
a pro-apoptotic environment as early as 12 weeks of HFHFD exposure (Figure 2b). This
indeed correlated with previous studies where HFD-fed obese mice also displayed elevated
apoptotic marker expression [15]. In parallel, a clinical study suggested that impaired
BAT activity in obese patients was due to reduced cell differentiation, proliferation, and
increased apoptosis [45]. The dysfunction of BAT in HFHFD-fed mice prompted us to
delve further into the potential underlying epigenetic mechanisms that are involved in or
preceding this process.
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As epigenetic regulations can be modulated depending on the nutritional environment,
we next investigated a recently emerging hypothesis that miRNAs may be involved in BAT
function. Only a limited number of miRNAs are presumed to be involved in impaired
BAT function under Western diet exposure [22,23,26]. On the other hand, several miRNAs
are identified as significant regulators of various metabolic pathways when exposed to a
Western diet [27]. Among those, miRNA-103, which encodes two identical mature miRNAs
and paralogous miRNA-107, is one of the most studied miRNAs in metabolic research [32].
However, the role of miRNA-103 in the regulation of BAT function has not been established
yet. Upon examination of this regulatory network in the HFHFD-fed mice, there was a
reducing trend of miRNA-103 in BAT under a short-term HFHFD (Figure 3a). On the
other hand, as expected, mid- and long-term HFHFD feeding clearly indicated altered
epigenetic molecular mechanisms as miRNA-103 expression was elevated (Figure 3a). As
expected, miRNA-107 showed a similar trend as miRNA-103. We also speculate that the
other clusters may have the same effect; however, the investigation of individual miRNAs
will be carried out in future studies. This reinforces our observations that at the earlier
stage of HFHFD exposure, the body is trying to defend against the dietary challenge via
inhibiting these miRNAs to increase energy expenditure and improve BAT function [27].
In contrast, with long-term HFD exposure, these miRNAs may tend to increase and target
critical thermogenic regulators, which can lead to BAT dysfunction. This subsequently can
create an environment conducive to the development of obesity as chronic exposure to a
Western diet can lead to diminished energy expenditure.

As evidenced so far, miRNAs may play an important role in brown adipose function. In
addition, the endoribonuclease Dicer or other major components of the miRNA-processing
pathway may also play a significant role in regulating the overall thermogenesis process.
Recently, Kahn’s group showed that mice with an adipose tissue-specific knockout of Dicer
develop a form of lipodystrophy characterized by decreased WAT mass and increased BAT
mass along with whitening [26]. They also demonstrated that these issues were closely
associated with insulin resistance, adipose tissue inflammation, dyslipidemia, and other
systemic alterations. Sun’s group also recently showed that adipose-tissue-specific DGCR8
knockout mice exhibited enlarged and pale brown fat, accompanied with decreased expres-
sion of UCP1 and PGC1α in brown fat [22]. Furthermore, these mice were also intolerant
to cold exposure, indicating a disrupted thermogenesis. These reports motivated us to in-
vestigate the miRNA biogenesis pathways under the HFHFD scenario. More importantly, we
explored a novel idea that has not been pursued in this context, i.e., whether these modulations
can occur via any metabolic miRNA, for example miRNA-103.

Interestingly, the seed sequence of miRNA-103 is within Dicer (Figure 3b), which may
explain the upregulated miRNA-103 expression and decreased Dicer expression under
mid-term and long-term HFHFD exposure. Additionally, we also observed a significant
reduction in another biogenesis regulator, TRBP2 (Figure 4a,b). As we have only observed
the changes in the miRNA machinery genes that are located in the cytoplasm, including
Dicer and TRBP2, but not the one located in the nucleus, Drosha and DGCR8, we assume
that miRNA-103 pre-miRNAs might have been exported from the nucleus to the cytoplasm
and could become mature miRNAs in the cytoplasm [46]. To further validate the role
of miRNA-103 in the regulation of miRNA biogenesis machinery, in vitro silencing of
miRNA-103 revealed significantly increased Dicer and TRBP2 expression at the transcrip-
tional level (Figure 5a,b) with a significant elevation at the translational level of Dicer,
but not TRBP2 (Figure 5c). This confirmed the key involvement of Dicer in miRNA-103-
mediated BAT dysfunction. As per our literature search, there are no reports so far that
demonstrate the role of TRBP2 in a knockout model of mice in the context of BAT regula-
tion. Future studies should investigate the effect of different diets on miRNA-103, Dicer, or
other miRNA biogenesis regulator knockout mice. Using the Dicer and DGCR8 knockout
animal model, the groups led by Kahn and Sun also identified a series of miRNAs that are
important downstream regulators in brown adipose function. Therefore, we also predict
that that other miRNAs might be involved in the downstream pathway to regulate the
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overall BAT function. Here, we propose that the regulation of miRNA biogenesis machinery,
Dicer, through miRNA-103 might serve as the underlying mechanism for diet-induced BAT
dysfunction contributing to obesity (Figure 6).
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Appendix A

Table A1. List of primer sequences.

Targets Forward Primer (5′-3′) Reverse Primer (5′-3′)

Dicer1 GGTCCTTTCTTTGGACTGCCA GCGATGAACGTCTTCCCTGA

TRBP2 AGGAGCAGGCTTTCCATGTC GGTGGACAGTTCCACTAGGC

Drosha ATGCAAGGCAATACGTGTCAT TTTTGGGGTCTGAAAGCTGGT

DGCR8 GCAGGAGAAGCGATGATGGAG CCGTAGAAGTTGAATGGGTCG

UCP1 ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG

PGC1α TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG

β-actin AGCCATGTACGTAGCCATCC GCTGTGGTGGTGAAGCTGTA

miRNA-103-3p GCAGAGCAGCATTGTACAG GGTCCAGTTTTTTTTTTTTTTTCATAG

miRNA-107-3p GCAGAGCAGCATTGTACAG GGTCCAGTTTTTTTTTTTTTTTGATAG

U6 TGGCCCCTGCGCAAGGATG AGTTTTTTTTTTTTTTTGCGCAG
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