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Abstr act

Brown adipose tissue (BAT) might be a beneficial mediator in 
the development and treatment of nonalcoholic steatohepa-
titis (NASH). We aim to evaluate the gene expression of BAT 
activity-related genes during the development and the dietary 
and surgical treatment of NASH. BAT was collected from male 
C57BL/6J mice that received a high fat-high sucrose diet (HF-
HSD) or a normal chow diet (NCD) for 4 and 20 weeks (n = 8–9 
per dietary group and timepoint) and from mice that under-
went dietary intervention (return to NCD) (n = 8), roux-en-y 
gastric bypass (RYGB) (n = 6), or sham procedure (n = 6) after 
12 weeks HF-HSD. Expression of BAT genes involved in lipid 
metabolism (Cd36 and Cpt1b; p < 0.05) and energy expendi-
ture (Ucp1 and Ucp3; p < 0.05) were significantly increased 
after 4 weeks HF-HSD compared with NCD, whereas in the 
occurrence of NASH after 20 weeks HF-HSD no difference was 
observed. We observed no differences in gene expression re-
garding lipid metabolism or energy expenditure at 8 weeks 
after dietary intervention (no NASH) compared with HF-HSD 
mice (NASH), nor in mice that underwent RYGB compared with 
SHAM. However, dietary intervention and RYGB both decreased 
the BAT gene expression of inflammatory cytokines (Il1b, Tnf-α 
and MCP-1; p < 0.05). Gene expression of the batokine neureg-
ulin 4 was significantly decreased after 20 weeks HF-HSD 
(p < 0.05) compared with NCD, but was restored by dietary 
intervention and RYGB (p < 0.05). In conclusion, BAT is hall-
marked by dynamic alterations in the gene expression profile 
during the development of NASH and can be modulated by 
dietary intervention and bariatric surgery.

 * 	 Co-first authors
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Introduction
Nonalcoholic fatty liver disease (NAFLD) is the most common cause 
of liver disease in the Western world, with a prevalence of 20–30 % 
in the general adult population [1]. NAFLD is strongly associated 
with the metabolic syndrome and may promote the development 
of type 2 diabetes and cardiovascular diseases [2]. Its progressive 
subtype nonalcoholic steatohepatitis (NASH) can progress to liver 
fibrosis and ultimately to cirrhosis, liver failure, and hepatocellular 
carcinoma [3]. Now already, NASH is the second most common in-
dication for liver transplantation in the United States, and it has 
been projected to become the major cause of liver related morbid-
ity and mortality as well as the leading indication for liver transplan-
tation within the next decade [4].

Up to now, no pharmacological therapy has been approved for 
NASH despite significant scientific efforts [5]. This can partly be ex-
plained by the complex pathophysiology of NASH, which is the re-
sult of an interplay of various mechanisms in different metabolic 
tissues and organs throughout the body such as the gut, muscle 
and adipose tissue [6]. In this perspective, the potential beneficial 
role of brown adipose tissue (BAT) in NASH has gained interest in 
the last years [7]. BAT uses exogenous glucose and fatty acids to 
generate heat in their abundant mitochondria that are character-
ized by the unique expression of uncoupling protein 1 (Ucp1) [8]. 
In this way, BAT increases energy expenditure through heat pro-
duction. In addition to these metabolic fluxes, BAT can secrete reg-
ulatory molecules, also called “batokines”, including neuregulin 4 
(Nrg4) and fibroblast growth factor 21 (Fgf21) that might directly 
impact pathophysiological processes in the liver related to NASH 
[9, 10].

The recent discovery of BAT in human adults has raised the hope 
that BAT can be therapeutically targeted in obesity-associated met-
abolic diseases including NASH [11]. Several studies showed a sig-
nificant negative correlation between BAT activity and body mass 
index [12, 13]. One study using PET-CT showed an inverse correla-
tion between BAT activity and NAFLD prevalence in adult individ-
uals.[14] In a foz/foz NASH mice model beta-3 adrenergic receptor 
(b3-AR) agonists restored BAT function, improved glucose toler-
ance, and reduced hepatic lipid content but had no impact on he-
patic inflammation [11]. In humans, the b3-AR agonist mirabegron 
induced a dose dependent increase BAT activity [15].

However, little is known about the changes in BAT function 
throughout the development of NASH nor the contribution of BAT 
to beneficial metabolic effects of dietary intervention and bariatric 
surgery, the two only effective treatment strategies for NASH at 
the moment. Studies to assess molecular changes in BAT in hu-
mans, in particular with a longitudinal set-up, are not feasible be-
cause of the need of surgical intervention to obtain BAT.

Therefore, in this exploratory study, we performed a gene ex-
pression analysis of BAT in a ‘Western’ high fat-high sucrose diet 
(HF-HSD)-induced mouse model of NASH that closely resembles 
the hepatic and systemic metabolic profile of typical NASH patients 
[16–18]. This model allowed us to study the longitudinal molecu-
lar changes in BAT during the development of NASH. In addition, 
we analyzed BAT gene expression changes after dietary interven-
tion and roux-en-y gastric bypass (RYGB) in mice with pre-existent 
NASH.

Materials and Methods

Animals, diet, and experimental set-up
Ethical approval was obtained from the animal welfare committee 
of the University of Leuven (protocol number: P088/2011) [18]. In 
all experiments male C57BL/6J mice (The Jackson Laboratory, Bar 
Harbor, Maine, USA) were housed under a 14-hour light/10-hour 
dark cycle at 21–23  °C with ad libitum access to water. A high fat-
high sucrose diet (HF-HSD) was used with 44.6 % of kcal derived 
from fat (of which 61 % saturated fatty acids) and 40.6 % of kcal de-
rived from carbohydrates (primarily sucrose 340 g/kg diet) 
(TD.08811, 45 % kcal Fat Diet, Harlan Laboratories Inc., Madison, 
Wisconsin, USA) or a normal chow diet (NCD) as control (V1534–
000 ssniff R/M-H, ssniff Spezialdiäten GmbH, Soest, Germany). Each 
individual mouse used in the current study has already been exten-
sively phenotyped with respect to liver histology (histological 
scores of steatosis, hepatocyte ballooning, lobular inflammation 
and fibrosis are presented in ▶Table 1S), hepatic molecular chang-
es, fat distribution, glucose homeostasis and plasma parameters. 
Our group published these data in two separate manuscripts 
[17, 18]. In experiment A (n = 8 per group), mice received a HF-HSD 
or NCD as control for 4 weeks (▶Fig. 1). Four weeks HF-HSD led to 
a significant increase in bodyweight, total fat mass and glucose in-
tolerance compared to NCD mice, but did not lead to significant 
histological alterations or NASH (▶Table 1S) [17]. In experiment 
B, BAT was collected from mice that received a HF-HSD for 20 weeks 
(n = 9) or NCD (n = 9) as control and from mice that underwent a di-
etary intervention (i. e. switch from HF-HSD to NCD) (n = 8) after 
12 weeks HF-HSD (▶Fig. 1) [18]. Mice that received 20 weeks HF-
HSD displayed obesity, glucose intolerance, insulin resistance and 
NASH in contrast to NCD mice that had normal liver histology 
[16, 18]. As previously reported, twelve weeks of HF-HSD already 
induced the complete spectrum of NASH with steatosis, balloon-
ing, hepatocyte inflammation and fibrosis, which together with the 
obesity and glucose intolerance completely normalized after the 
applied dietary intervention [17, 18]. In experiment C, roux-en-y 
gastric bypass (RYGB) (n = 6) or SHAM (n = 6) operation was per-
formed in mice that in advance were fed HF-HSD for 12 weeks to 
induce the phenotype of NASH, obesity and insulin resistance 
(▶Fig. 1) [17]. After the procedure both groups received an HF-
HSD for an additional 8 weeks. RYGB decreased the body weight, 
improved hepatic steatosis and inhibited the progression of inflam-
mation, resulting in a significantly lower NAFLD activity score (NAS) 
in RYGB mice compared to SHAM mice [17].

Sacrifice and plasma analysis
After a 6-hour fasting period, mice were anesthetized with sodium 
pentobarbital (intraperitoneal injection, 50 mg/kg body weight) 
and killed by blood sampling via cardiac puncture. Plasma was ob-
tained by centrifugation of blood (6000 rpm for 5 min at 4  °C) that 
was collected in heparinized syringes [17]. Plasma Tnf-α levels were 
determined by ELISA according manufacturer’s instructions (STEM-
CELL Technologies Inc., Vancouver, Canada). Interscapular BAT of 
all mice was collected by surgical excision. The dissected adipose 
tissue was weighed, snap frozen in liquid nitrogen and stored at 
–80  °C until further molecular analyses.
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RNA isolation and quantitative RT-PCR
Tissue samples of BAT of the mice were homogenized, phase sep-
aration was performed, and total RNA was isolated using the Trizol 
(Ambion, life technologies, Carlsbad, USA) method according to 
the manufacturers’ protocols. RNA was further purified with the 
RNeasy Mini Kit (Kit 74104, Qiagen, Hilden, Germany). RNA quan-
tification and purity was evaluated with Nanodrop (Thermo Scien-
tific, Waltham, USA). Five micrograms of RNA were reverse tran-
scribed into cDNA using MultiScribe reverse transcriptase and ran-
dom primers (Kit 4368814, Applied Biosystems, Vilnius, Lithuania). 
The PCR reaction was performed in a mixture that contained ap-
propriate forward and reverse primers and the iQ SYBR Green Su-
permix (Bio-Rad Laboratories, Hercules, USA) as the indicator. Re-
al-time PCR amplification and data analysis were performed using 
the CFX96 Touch Real-Time PCR Detection System (Bio-Rad Labo-
ratories, Hercules, USA). Genes were assayed in triplicate for each 
sample in a High-Profile 96-Well PCR Plate (Bio-Rad Laboratories, 
Hercules, USA). The data were analyzed using the ΔCt-method and 
normalized to internal housekeeping gene control of cyclophilin A 
mRNA to determine relative gene expression levels (mean expres-
sion level in the respective control group was set to 1.0). All prim-
er sequences used are shown in ▶Table 2S.

Statistical analysis
Statistical analyses were performed using GraphPad Prism version 
6 (GraphPad Software). Normality was tested with the D’Agosti-
no–Pearson omnibus K2 normality test. Statistical differences be-
tween two groups were assessed by either unpaired t-test (para-
metric data) or Mann–Whitney test (nonparametric data). Statis-
tical differences between three groups were assessed by one-way 

ANOVA and Tukey post-hoc analysis (parametric data) or Kruskal–
Wallis and Dunn’s multiple comparisons test (nonparametric data). 
A p-value of < 0.05 was considered as statistically significant. Sig-
nificance was represented by:  *  p < 0.05, and  * *  p < 0.01. Error 
bars are standard error of mean (SEM).

Results

Four Weeks HF-HSD increases the expression of 
genes related to lipid metabolism and energy 
expenditure in BAT, while these changes are lost 
after 20 weeks HF-HSD
After 4 weeks HF-HSD (no NASH), cluster of differentiation 36 
(Cd36) mRNA, a gene involved in fatty acid uptake into BAT [19], 
and carnitine palmitoyltransferase 1b (Cpt1b) mRNA, a gene in-
volved in fatty acid trafficking into the mitochondria [20], were sig-
nificantly increased compared with their levels in NCD mice (nor-
mal liver histology) (▶Fig. 2). This increase in gene expression was 
not present after 20 weeks HF-HSD (NASH) compared to NCD mice. 
Moreover, HF-HSD targets genes involved in mitochondrial func-
tion. An increased uncoupling protein 1 (Ucp1) and uncoupling 
protein (Ucp3) mRNA in BAT after 4 weeks HF-HFD (no NASH) were 
observed compared with NCD (▶Fig. 2), but no significant differ-
ences were seen after 20 weeks HF-HSD feeding (NASH) compared 
with 20 weeks NCD feeding. Iodothyronine deiodinase 2 (Dio2), a 
gene that promotes non-shivering thermogenesis in BAT by con-
verting inactive thyroxine (T4) into active thyroid hormone (T3) 
[21] did not significantly differ between the dietary groups at any 
time point (HF-HSD compared to NCD at 4 and 20 weeks). Further-

▶Fig. 1	 Experimental set-up of the mouse model. Experiment a: mice were fed a high fat-high sucrose diet (HF-HSD) for 4 weeks or a normal chow 
diet (NCD) as control. Experiment B: mice were fed a HF-HSD for 12 weeks (n = 18), and then randomized to a group that underwent continuation of 
HF-HSD for 8 weeks (n = 9) or a group of which the HF-HSD was switched to NCD for 8 weeks (n = 9), representing the dietary intervention. 9 mice 
received NCD during the entire experiment of 20 weeks. Experiment C: mice were fed a HF-HSD for 12 weeks (n = 12), and then randomized to a 
group that underwent a SHAM (n = 6) or RYGB (n = 6) operation. After the operation all mice were fed a HF-HSD diet for 8 weeks.
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more, HF-HSD did not affect mRNA levels of peroxisome prolifera-
tive activated receptor gamma coactivator 1 alpha (Ppargc1α), a 
gene involved in the regulation of mitochondrial biogenesis and 
BAT thermogenesis [22]. No difference in adrenergic receptor beta 
3 (Adrb3), a gene involved in the regulation of lipolysis and ther-
mogenesis after beta-adrenergic stimulation [23], was observed. 
After 20 weeks HF-HSD diet, BAT to body weight ratio was signifi-
cantly increased compared to the NCD group (▶Fig. 1S).

Gene expression related to lipid metabolism and 
energy expenditure in BAT 8 weeks after the 
initiation of the dietary intervention
Of all the analyzed genes in mice that underwent a dietary inter-
vention (normal liver histology), we only observed a significant in-
crease in the BAT energy expenditure related gene Dio2 compared 
with mice that received a HF-HSD during 20 weeks (NASH) (▶Fig. 2). 
All other genes concerning fatty acid metabolism (▶Fig. 2a) and 
energy expenditure (▶Fig. 2b) displayed no significant difference 
in mRNA expression levels. Dietary intervention completely re-
stored the BAT to body weight ratio (▶Fig. 1S).

Gene expression related to lipid metabolism and 
energy expenditure in BAT 8 weeks after RYGB
Mice that were fed a HF-HSD for 12 weeks (NASH) underwent a 
RYGB or SHAM procedure. Following surgery all mice received a HF-
HSD ad libitum for 8 weeks. No statistical difference in BAT gene 
expression regarding lipid metabolism was observed between the 
RYGB group and the SHAM group (▶Fig. 3a). Adrb3 gene expres-
sion was significantly lower in the RYGB operated mice while no dif-
ference in the expression of other energy expenditure genes was 
observed (▶Fig. 3b).

Gene expression levels of pro-inflammatory 
cytokines are increased in BAT after 20 weeks 
HF-HSD and are normalized by dietary intervention 
and RYGB
Four-Weeks HF-HSD (no NASH) did not induce an increased gene 
expression of the pro-inflammatory cytokines Il1b, Tnf-α and 
MCP-1 in BAT (▶Fig. 4a). After 20 weeks HF-HSD, the expression 
of these pro-inflammatory genes was significantly higher compared 
to mice that received a NCD for 20 weeks and mice that underwent 
the dietary intervention. In line with these results, plasma Tnf-α 
levels (▶Table 3S) were under the lower limit of quantification in 
the vast majority of mice on NCD and mice that underwent a die-

▶Fig. 2	 Effect of 4 and 20 weeks HF-HSD and dietary intervention 
on genes related to BAT activity. a mRNA levels of genes involved in 
fat metabolism: Cluster of Differentiation 36 (Cd36), peroxisome 
proliferator-activated receptor gamma (Pparγ), Carnitine palmitoyl-
transferase 1b (Cpt1b) and the lipid beta-oxidation genes acyl-Coen-
zyme A dehydrogenase, long-chain (Acadl) and acyl-Coenzyme A 
oxidase 1 (Acox1). b mRNA levels of genes involved in energy ex-
penditure: peroxisome proliferative activated receptor, gamma, 
coactivator 1 alpha (Ppargc1α), Iodothyronine Deiodinase 2 (Dio2), 
Uncoupling Protein 1 (Ucp1), Uncoupling Protein 3 (Ucp3), adrener-
gic receptor beta 3 (Adrb3).  *  p < 0.05 and  * *  p < 0.01. Data are 
presented as mean. Error bars are standard error of mean (SEM). 4 
weeks: n = 8 for chow and HF-HSD groups. 20 weeks: n = 9 for chow 
and HF-HSD groups, n = 8 for dietary intervention group.

▶Fig. 3	 Effect of sham or RYGB operation on genes related to BAT 
activity. a mRNA levels of genes involved in fat metabolism: Cluster 
of Differentiation 36 (Cd36), peroxisome proliferator-activated 
receptor gamma (Pparγ), Carnitine palmitoyltransferase 1b (Cpt1b) 
and the lipid beta-oxidation genes acyl-Coenzyme A dehydrogenase, 
long-chain (Acadl) and acyl-Coenzyme A oxidase 1 (Acox1). b mRNA 
levels of genes involved in energy expenditure: peroxisome prolifera-
tive activated receptor, gamma, coactivator 1 alpha (Ppargc1α), 
Iodothyronine Deiodinase 2 (Dio2), Uncoupling Protein 1 (Ucp1), 
Uncoupling Protein 3 (Ucp3), adrenergic receptor beta 3 (Adrb3).   
* : p < 0.05 and  * * : p < 0.01. Data are presented as mean. Error bars 
are standard error of mean (SEM).
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tary intervention, in contrast to the mice on HF-HSD after 4 weeks 
(7.4 ± 1.1 pg/ml) and 20 weeks (13.2 ± 2.4 pg/ml).

Gene expression levels Il1b, Tnf-α and MCP-1 were all signifi-
cantly lower in BAT tissue of RYGB mice compared to SHAM mice 
(▶Fig. 4b). Plasma Tnf-α levels were not significantly different be-
tween RYGB (12.9 ± 4.3 pg/ml) and sham operated mice (20.1 ±  
8.4 pg/ml) (p = 0.39).

Nrg4 gene expression in BAT is decreased after 20 
weeks HF-HSD and is restored by dietary 
intervention and RYGB procedure
Nrg4 and Fgf21 gene expression in BAT were analyzed in all dietary 
groups and time-points (▶Fig. 4c, d). Nrg4 expression did not 
change after 4-weeks HF-HSD, but was significantly lower after 20 
weeks HF-HSD compared to NCD (p < 0.05). Both dietary interven-
tion and RYGB procedure led to increased Nrg4 gene expression 
compared to 20 weeks HF-HSD or SHAM mice respectively (p < 0.01 
and p < 0.05, respectively). Fgf21 gene expression was significant-
ly decreased after RYGB compared to SHAM mice (p < 0.05).

Discussion
The absence of NASH after 4 weeks HF-HSD in our model, togeth-
er with the occurrence of NASH after 20 weeks HF-HSD and the im-
provement of NASH after dietary intervention and RYGB [17, 18], 
allowed us to analyze BAT changes in the context of NASH devel-
opment and after effective therapeutic interventions. Since mo-
lecular studies on BAT are hardly feasible in humans, we decided to 
use a representative mouse model. This mouse model closely mim-
ics human NASH with respect to 1) the method of induction  
(a Western diet rich in sucrose and saturated fatty acids), 2) the 
systemic metabolic profile and 3) the histological spectrum of 
NASH [17, 18]. In this exploratory study, we showed that the initial 
increase in expression of genes involved in lipid metabolism and 
energy expenditure in BAT is lost in the occurrence of NASH in mice 
receiving a HF-HSD. This finding might suggest that the loss of an 
initially increased BAT activity to compensate for an energy over-
load might contribute to the development of NASH. In addition, 
the gene expression profile of BAT was modulated by both dietary 
intervention and RYGB.

Our observation of an initial upregulation of BAT fatty acid oxi-
dation during a high fat diet is in line with previous findings in other 
tissues including the liver [17, 24], heart and skeletal muscle  

▶Fig. 4	 Effect HF-HSD, dietary intervention and RYGB on gene expression levels of pro-inflammatory cytokines and batokines in BAT. a mRNA 
levels of pro-inflammatory cytokines in BAT of mice receiving a HF-HSD, NCD or dietary intervention. b mRNA levels of pro-inflammatory cytokines 
in BAT of mice receiving a RYGB or SHAM operation after 12 weeks HF-HSD. c mRNA levels of neuregulin 4 (Nrg4) and fibroblast growth factor 21 
(Fgf21) in BAT of mice receiving a HF-HSD, NCD or dietary intervention. d mRNA levels of Nrg4 and Fgf21 in BAT of mice receiving a RYGB or SHAM 
operation after 12 weeks HF-HSD.  *  p < 0.05 and  * *  p < 0.01. Data are presented as mean. Error bars are standard error of mean (SEM). Interleukin 1 
beta (Il1β); tumor necrosis factor alpha (Tnf-α); monocyte chemoattractant protein 1 (MCP-1).
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[25–27], and is probably secondary to an increased supply of fatty 
acids. Similar to our findings, Poekes et al. observed in their study 
an increased BAT gene expression of Ucp1 in wild type mice follow-
ing a 4 weeks HFD (60 % of calories from fat) without any histolo
gical sign of hepatic steatosis [26]. Only one other study also eval-
uated BAT changes upon a high fat diet in a timeline manner [25]. 
Similar to our results, Ohtomo et al. observed an initial increase of 
Ucp1 and carnitine palmitoyltransferase 2 mRNA levels after 4 weeks 
HFD, which was lost after 20 weeks HFD. However, in contrast to 
our study, histological analysis of the liver was not performed, thus 
the relationship with NASH (development) could not be assessed. 
In addition, we used a diet rich in not only saturated fatty acids but 
also in fructose, which has been identified as an independent risk 
factor for the development of NASH [28].

Our data are consistent with the concept of BAT whitening in 
the context of obesity after 20 weeks HF-HSD. It comprises a con-
version of brown adipocytes to a white adipocyte-like phenotype. 
Although we could not perform histological analysis, BAT whiten-
ing is consistent with the increased BAT weight, increased expres-
sion of pro-inflammatory cytokines Tnf-α, MCP-1 and Il1b and un-
changed expression of BAT energy expenditure genes after 20 
weeks HF-HSD in our cohort [29, 30]. The mechanism behind the 
loss in the upregulation of genes related to fatty acid oxidation and 
energy expenditure after a long-term HF-HSD feeding is unknown. 
This may be related to fatty acid overload itself in combination with 
factors in the plasma targeting BAT. Prolonged fatty acid overload, 
could impair mitochondrial function by accumulation of lipotoxic 
fatty acid intermediates in the mitochondria that cause inflamma-
tion, apoptosis and necrosis [31]. Chronic low-grade inflammation 
associated with the metabolic syndrome may harm BAT function. 
In line with this, we observed an increased gene expression in BAT 
of all investigated pro-inflammatory cytokines after 20 weeks HF-
HSD. In animal studies and in vitro experiments, both systemic in-
flammation and local BAT inflammation have been observed to re-
duce the induction of energy expenditure genes in BAT [32].

Dietary intervention resulted in a complete resolution of NASH, 
obesity and glucose intolerance without a change in BAT lipid me-
tabolism and energy expenditure related genes.[18] Similarly, in 
our earlier report we did not observe significant changes in genes 
related to fatty acid oxidation and energy expenditure in the liver 
after dietary intervention in these mice. We hypothesize that the 
analysis of these BAT genes on an earlier time point than 8 weeks 
after the dietary intervention might reveal a significant difference 
in gene expression levels compatible with a clean-up of accumu-
lating fatty acids by fatty acid oxidation and mitochondrial activity 
[18]. In contrast, BAT gene expression of pro-inflammatory cy-
tokines normalized after dietary intervention, which is in line with 
the absence of NASH and thus liver inflammation and in line with 
our previously reported gene expression findings in the liver [18].

RYGB induced weight loss, improved insulin resistance and in-
hibited progression of NASH but did not induce a complete reso-
lution of NASH [17]. In this experiment, RYGB operated mice had 
similar levels of lipid metabolism and energy expenditure mRNA 
levels in BAT compared to SHAM operated mice. In human studies, 
an increased resting metabolic rate (body weight adjusted) after 
RYGB is observed [33]. However, the exact mechanism and the con-
tribution of BAT remains uncertain. Both browning of white adi-

pose tissue and activation of brown adipose tissue has been de-
scribed after a bariatric intervention [34]. In animal studies, this 
topic showed some contradictory results. Similar to our results, 
Hankir et al. observed that BAT activity and Ucp1 expression in 
RYGB operated obese Wistar rats did not significantly differ from 
ad libitum fed sham-operated controls 50 days after surgery [35]. 
In diet induced obese mice, Chen et al. observed a significant in-
crease of BAT Ucp1 mRNA expression 4 weeks post RYGB proce-
dure, which declined 8 weeks post RYGB [36]. Because we only have 
gene expression data 8 weeks post RYGB, we might have missed 
the initial upregulation of Ucp1 mRNA observed by Chen et al. The 
observed significant decrease in BAT Adrb3 gene expression fol-
lowing RYGB is in line with the findings of Abegg et al. who found 
a lower capacity of BAT thermogenesis following admission of a 
Adrb3 agonist in RYGB rats [37]. Adrb3 stimulation has been ob-
served to cause a significant induction of Fgf21 mRNA levels in BAT 
[38]. The significant decrease in Adrb3 gene expression following 
RYGB might be related to the lower Fgf21 gene expression in our 
experiment.

BAT may counteract the development and progression of NAFLD 
by energy expenditure but also by the secretion of batokines that 
might impact the liver. Gene expression of Nrg4 was significantly 
decreased after 20 weeks HF-HSD. This is an interesting finding 
given the recent observation of a potential beneficial role of Nrg4 
on hepatic lipogenesis and NASH [39, 40]. Chen et al. observed a 
significantly decreased Nrg4 expression in cultured adipocytes with 
Tnf-α [41], suggesting a rate-limiting role of inflammatory stimuli 
[42, 43]. Accordingly, we observed an increased Il1b, Tnf-α and 
MCP-1 gene expression in BAT and increased plasma levels of Tnf-α 
after 20 weeks HF-HSD compared to 20 weeks NCD. In addition, 
for the first time we show an upregulation of Nrg4 gene expression 
in BAT after dietary intervention and RYGB. The observed increased 
Nrg4 expression in BAT after RYGB and dietary intervention co-oc-
curred with a decreased gene expression of inflammatory cytokines 
Il1b, Tnf-α and MCP-1 in BAT. However, further studies are needed 
to clarify the upstream mediators, downstream effects and overall 
relevance of Nrg4 in human NASH.

Despite the unique time-line and interventional set-up, this ex-
ploratory study has limitations. Protein, histological or functional 
analyses of BAT could have given valuable additional insights. How-
ever, our study can serve as a basis for further in-depth molecular 
studies on BAT in the context of NASH pathophysiology and treat-
ment. All mice were sacrificed after 6 hours of fasting. It would be 
interesting to perform a similar gene expression analysis in mice in 
a non-fasting or fed state. It might be that the observed differenc-
es in lipid metabolism and energy expenditure would be even more 
pronounced.

In conclusion, our findings suggest that BAT mitochondrial func-
tion is enhanced after a short-term HF-HSD, probably as a compen-
satory response to process the fatty acid overload. Longer-term 
HF-HSD might induce the loss of this adaptive BAT function, which 
might contribute to the occurrence of NASH in these mice. Future 
studies with detailed profiling of BAT function, focused on both 
metabolic fluxes and endocrine factors, are needed to further de-
cipher the dynamic role of BAT in NASH. Ultimately, interventional 
studies are needed to establish BAT as a direct therapeutic target 
in the treatment of NASH.
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