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Catalase deficiency facilitates the shuttling 
of free fatty acid to brown adipose tissue 
through lipolysis mediated by ROS 
during sustained fasting
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Abstract 

Background:  Fatty acids (FA) derived from adipose tissue and liver serve as the main fuel in thermogenesis of brown 
adipose tissue (BAT). Catalase, a peroxisomal enzyme, plays an important role in maintaining intracellular redox 
homeostasis by decomposing hydrogen peroxide to either water or oxygen that oxidize and provide fuel for cellular 
metabolism. Although the antioxidant enzymatic activity of catalase is well known, its role in the metabolism and 
maintenance of energy homeostasis has not yet been revealed. The present study investigated the role of catalase in 
lipid metabolism and thermogenesis during nutrient deprivation in catalase-knockout (KO) mice.

Results:  We found that hepatic triglyceride accumulation in KO mice decreased during sustained fasting due to 
lipolysis through reactive oxygen species (ROS) generation in adipocytes. Furthermore, the free FA released from 
lipolysis were shuttled to BAT through the activation of CD36 and catabolized by lipoprotein lipase in KO mice during 
sustained fasting. Although the exact mechanism for the activation of the FA receptor enzyme, CD36 in BAT is still 
unclear, we found that ROS generation in adipocytes mediated the shuttling of FA to BAT.

Conclusions:  Taken together, our findings uncover the novel role of catalase in lipid metabolism and thermogenesis 
in BAT, which may be useful in understanding metabolic dysfunction.
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Background
Adipose tissue consists of white adipose tissue (WAT), 
which stores energy in the form of triacylglycerol (TG), 
and brown adipose tissue (BAT) which dissipates energy 
in the form of heat. BAT differs from WAT as it contains 
small and multilocular lipid droplets (LDs) and abundant 
mitochondria containing uncoupling protein 1 (UCP1), 
which is used for dissipation of energy in the form of 
heat [1]. The main fuel for BAT thermogenesis is the 
oxidation of fatty acids (FA) derived from WAT through 
lipolysis or through VLDL and acyl carnitines produced 
in the liver [2]. During stress or nutrient-deprivation, TG 
are the major form of lipids in the adipose tissue, where 
lipolysis takes place and induces the release free fatty 
acids (FFA) and glycerol into the circulation and mobi-
lized into the liver, where it induces excessive β-oxidation 
for energy homeostasis [3–5]. The enzyme lipoprotein 
lipase (LPL) catalyzes the hydrolysis of TG to generate 
free fatty acids (FFAs). During fasting, lipolysis is induced 
in WAT through regulation of angiopoietin-like protein 4 
(ANGPTL4), which galvanizes LPL activity and thereby 
directs circulating TG to the liver [6]. ANGPTLs, are a 
family of proteins structurally similar to angiopoietins, 
that play an important role in lipid metabolism, inflam-
mation and cancer [7]; Among ANGPTLs, ANGPTL3, 
ANGPTL4, and ANGPTL8 play major roles in the traf-
ficking and metabolism of lipid by suppressing LPL activ-
ity [3, 8]. Although both ANGPTL3 and ANGPTL4 act 
as an important regulators of LPL-mediated FA uptake, 
their expression in tissues varies. ANGPTL3 is a circu-
lating protein synthesized exclusively in the liver [8–10], 

whereas ANGPTL4 is synthesized in adipose tissue (AT) 
[11, 12]. Hence, to fuel BAT thermogenesis, the FA trans-
porter enzyme and LPL must be activated.

It is well documented that reactive oxygen species 
(ROS) regulate lipolysis and BAT thermogenesis [13–16]. 
ROS are generated during metabolism mainly in the 
mitochondria and peroxisomes, where oxygen consump-
tion is high [17, 18]. High levels of ROS exert toxic effects 
on cells, causing the accumulation of oxidative damage 
in diverse cellular locations [18]. However, the enzyme 
catalase in the peroxisomes limit this damaging effect 
by detoxifying H2O2 to either water or oxidizing other 
organic compounds that provide a major source of meta-
bolic energy for cell survival. During β-oxidation, several 
H2O2 producing oxidases generated in peroxisomes are 
converted to hydroxyl radicals (•OH), making peroxi-
somal membranes vulnerable to lipid peroxidation [18]. 
Although catalase is important for ROS detoxification, 
its deficiency in mice and humans is phenotypically nor-
mal [19, 20]. Recently, we showed that catalase depletion 
during starvation causes selective pexophagy in the liver 
through ROS accumulation in vivo and in vitro [21, 22], 
while overexpression of catalase has been shown to be 
beneficial [23–26]. Although catalase is well described 
as an antioxidant enzyme, its role in maintaining 
energy homeostasis during starvation has not yet been 
elucidated.

In this study, we aimed to investigate the role of cata-
lase in the contribution of energy metabolism under 
fasting conditions. Both wild-type (WT) and catalase-
knockout (KO) mice were subjected to sustained fasting 
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for 48 h to ensure sufficient generation of ROS. Our study 
showed that lipolysis was induced in KO mice through 
ROS generation, which deviates FFAs to BAT for thermo-
genesis during sustained fasting.

Results
Catalase deficiency markedly decreased the hepatic lipid 
accumulation during sustained fasting
Starvation produces a complex array of adaptive meta-
bolic responses that activate β-oxidation in both per-
oxisomes and mitochondria [27, 28]. To investigate the 
metabolic response of peroxisomes to starvation, mice 
were fasted for different time intervals (0, 6, 12, 24, 36, 
and 48 h) and immunoblot analysis was performed using 
liver homogenates to examine the differential expres-
sion of peroxisome markers. Among the peroxisome 
proteins, only catalase was significantly increased in a 
time-dependent manner after fasting. The expression 
levels of other peroxisome markers, including ACOX1, 
DBP, PEX5, and PMP70, did not change during differ-
ent time intervals of fasting (Additional file 1: Fig. S1A). 
In addition, there were no significant changes in the 
protein expression levels of other antioxidants, such as 
GPX, PRXIII, SOD1 and SOD2. Consistently, the expres-
sion level of catalase mRNA significantly increased dur-
ing sustained fasting, whereas transcriptional activation 
of other genes, including peroxisomes and antioxidants, 
remained at a consistent level similar to the protein lev-
els (Additional file 1: Fig. S1B). Catalase activity was also 
measured from the liver homogenates of mice fasted 
at specific time intervals. The catalase activity signifi-
cantly increased at 24 h of fasting and they goes up until 
sustained fasting (Additional file  1: Fig. S1C). Taken 
together, these data suggest that catalase might be a key 
player in liver metabolism during sustained fasting.

To determine whether catalase expression might 
have been affected by nutrient status, catalase-KO and 
WT mice were subjected to 48  h of starvation, repre-
sented as sustained fasting. Catalase deficiency was 
confirmed by immunoblot and immunofluorescence 
analyses from the liver tissues (Additional file 1: Fig. S2A, 
B). It is well known that starvation induces the hydroly-
sis of TG stored in adipose tissues, releasing FFAs in the 
plasma. These are taken up by the liver for TG forma-
tion, β-oxidation, and VLDL secretion for energy supply 
[29, 30]. Biochemical analysis was performed to examine 
TG levels in the liver and serum after fasting for differ-
ent time intervals (0, 12, 24, 36, and 48  h). Hepatic TG 
of WT mice started to increase at early hours of fasting, 
reached a peak at 24  h, and remained sustained until 
48  h. However, it drastically decreased after fasting for 
24 h and returned to the resting status level at 48 h in KO 
mice (Fig. 1A). Similarly, TG in the serum was markedly 

decreased in KO mice after 24 h of fasting, whereas it was 
sustained in WT mice (Fig.  1B). To evaluate lipid accu-
mulation in the liver during sustained fasting, Oil Red O 
(ORO) staining was performed (Fig. 1C). ORO staining, 
shown as a red signal, indicated lipid accumulation in 
the liver of WT mice during sustained fasting, whereas 
it was clearly absent in KO mice (Fig. 1C). Consistently, 
immunoblot analysis for the lipid droplet-associated pro-
tein perilipin 2 (PLIN2) and the lipid biogenesis protein 
seipin, revealed that increased lipogenesis and accu-
mulation of lipid droplets occurred only in the liver of 
WT mice, but not in KO mice (Fig. 1D). To address the 
metabolic response to sustained fasting, we analyzed the 
expression of acetyl coenzyme A carboxylase 1 (ACC1), 
which is involved in FA synthesis. The mRNA expres-
sion of ACC1, decreased after sustained fasting in both 
WT and KO mice; however, there was no significant dif-
ference between the two experimental groups (Fig.  1E). 
SREBP1C mRNA, involved in the induction of lipogen-
esis that facilitates storage of fatty acids as triglycerides, 
decreased significantly after sustained fasting without 
significant difference between the two experimental 
groups (Fig.  1E). Similarly, SCD-1(Stearoyl-CoA desatu-
rase-1), a key enzyme for fatty acid metabolism respon-
sible for forming a monounsaturated fatty acid. And FAS 
(fatty acid synthase) catalyzes the de novo biosynthe-
sis of long-chain saturated fatty acids were significantly 
decreased after sustained fasting without any significant 
difference between the two experimental groups. We 
also measured β-hydroxybutyrate levels in the liver after 
sustained fasting for 48 h (Fig.  1F); the levels started to 
increase at 12  h, reached a maximum at approximately 
24 h, and sustained for a further 48 h in WT mice. How-
ever, it drastically dropped to the basal level at 48  h in 
KO mice. To assess total FA, gas chromatography-mass 
spectrometry (GC–MS) was performed (Fig. 1G). Accu-
mulation of many FA species, including both long chain 
and median chain FA, decreased significantly during 
sustained fasting in KO mice compared to WT mice 
(Fig. 1G). Taken together, these data suggest that catalase 
deficiency resulted in decreased lipid accumulation in the 
liver during sustained fasting.

Catalase deficiency during sustained fasting accelerated 
lipolysis from the white adipose tissue through ROS 
generation
As hepatic TG levels were diminished in KO mice dur-
ing sustained fasting, we reasoned that TG consumption 
might be induced by the activation of FA oxidation (FAO) 
in the liver of fasted KO mice. Therefore, anomalies or 
extreme activation of mitochondrial or peroxisomal FAO 
could be the prime reason for the decreased hepatic TG 
accumulation in fasted KO mice. However, we did not 
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Fig. 1  Catalase deficiency decreases the accumulation of lipid in liver during sustained fasting. Liver samples from mice fasted at the indicated time 
were homogenized, and TG levels were analyzed from A liver and B serum (n = 6). C Liver tissues from mice cryosectioned and stained with ORO. 
Scale bar represents 20 μm. D Immunoblot analysis of liver tissue. Protein expression using whole-cell lysates with the indicated antibodies (n = 3). 
E qPCR analysis of FA metabolism-related genes from the liver of mice fed and fasted for 48 h. F β-hydroxybutyrate was analyzed from the serum 
of mice fasted for indicated time. G GC–MS for total FA of long Chain and VLCFA from liver samples (n = 3). Values represent mean ± SD (n = 3, 4). 
*P < 0.001 WT 48 h fasting versus KO 48 h of fasting
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find any involvement of mitochondrial or peroxisomal 
FAO [22]. Mitochondrial FAO did not change in either 
WT or KO mice, whereas peroxisome was decreased 
through autophagic degradation in KO mice during sus-
tained fasting [22], indicating that TG depletion in the 
liver is not related to mitochondrial and peroxisomal 
FAO.

Fasting is a unique stress condition that enhances lipid 
catabolism. Prolonged fasting is known to induce TG 
hydrolysis in adipose tissue, increasing the plasma con-
centration of FFAs and inducing hepatic TG accumula-
tion [31, 32]. Hence, we measured serum FFAs levels and 
found that it decreased in KO mice during sustained fast-
ing (Additional file 1: Fig. S3). Therefore, we assumed that 
KO mice might consume FFAs released from adipocytes 
faster than WT mice during sustained fasting. To exam-
ine this possibility, subcutaneous and gonadal white adi-
pose tissue  (sWAT and gWAT) from WT and KO mice 
was isolated and weighed. As expected, fat masses of KO 
mice were drastically reduced during sustained fasting 
compared to WT mice (Fig. 2A, B). Morphological analy-
sis of adipose tissue sections by hematoxylin and eosin 
(H&E) staining showed bright eosinophilic cytoplasm 
with abundant lipid droplets in fed WT mice, whereas 
that of fasted WT mice were small in size with shrink-
age of adipocytes and scanty eosinophilic cytoplasm. 

Similarly, the adipose tissue in fed KO mice was homog-
enous and uninucleate with nearly white-colored lipid 
droplets, while fasted KO mice showed a marked loss 
of adipocytes and an extended eosinophilic cytoplasm 
(Fig. 2C). We hypothesized, variable size in adipose tissue 
might exhibit inflammation that might lead to progres-
sive lipodystrophy [33]. We analyzed the mRNA level of 
inflammatory cytokines in WT and KO adipocytes dur-
ing fasting conditions. However we did not observe any 
change in mRNA level of cytokines such as TNFa, IL-6 
and IL-1b (Additional file 1: Fig S4A). We also confirmed 
the adipocytes death by TUNEL (Terminal deoxynucle-
otidyl transferase dUTP nick end labeling) assay, where 
we did not observe any TUNEL positive induction in KO 
adipocytes fasted for 48  h (Additional file  1: Fig. S4B). 
We also did not find any changes in protein expression 
of MAC-2, a marker for macrophage induction in adi-
pocytes of WT and catalase KO mice during sustained 
fasting (Additional file 1: Fig. S4C). Immunofluorescence 
staining of PLIN1, a lipid droplet-associated protein 
found in adipose tissue, had markedly decreased only 
in fasted KO mice (Fig.  2D). We also check the protein 
level of lipid droplet biogenesis protein seipin and PLIN1 
by immunoblot in adipocytes. The protein expression of 
both seipin and PLIN1 was decreased in KO adipocytes 
during sustained fasting (Additional file  1: Fig S4C). As 

Fig. 2  Catalase deficiency during sustained fasting decreases the fat mass that augmented lipolysis in WAT. A Images of subcutaneous and gonadal 
(sWAT, gWAT) white adipose tissuefrom mice (n = 6). B Analytical weight of gWAT and sWAT in gram (g) C Representative H&E staining of WAT from 
mice. D Representative fluorescence images of WAT, fixed and immunostained with anti-PLIN1 (green) and DAPI (blue).Scale bar represents 20 μm. 
E FFA and F glycerol level from mice serum fasted for indicated time (n = 6). G Proteins were extracted from WAT and immunoblot analysis was 
performed using whole-cell lysates with the indicated antibodies (n = 3). H Total ROS was measured from WAT. Values represent mean ± SD (n = 3, 
4). *P < 0.05 WT 48 h fasting versus KO 48 h of fasting
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fat mass in adipose tissue was drastically decreased and 
lipogenesis protein including PLIN1 and seipin was 
decreased, we hypothesized that induction of lipolysis 
in WAT could be one of the reasons for the depletion of 
fat mass observed during sustained fasting in KO mice. 
Thus, we measured the serum FFAs and glycerol levels at 
different time intervals (0, 12, 24, 36, and 48  h) in WT 
and KO mice. After 36 h of fasting, FFAs level increased 
in a time-dependent manner and then remained stable 
in WT mice, while the level had decreased slightly in KO 
mice after 36 h of fasting (Fig. 2E). Serum glycerol levels 
remained unaltered in both WT and KO mice after sus-
tained fasting in a time-dependent manner (Fig. 2F). To 
confirm lipolysis in adipose tissue, immunoblot analysis 
of lipolytic proteins, including hormone-sensitive lipase 
(HSL) and adipose triglyceride lipase (ATGL) was per-
formed. Phosphorylation of HSL and expression of ATGL 
were markedly increased in fasted KO mice, suggesting 
that lipolysis signaling in adipose tissue was over acti-
vated (Fig.  2G). To address the mechanistic evidence of 
how lipolysis occurs in KO mice, we reasoned that ROS 
might be a key player in inducing lipolysis, as previously 
shown [13]. Hence, the WAT of mice was homogenized 
and incubated with the dye 2′7’-dichlorofluorescein diac-
etate (DCFH-DA) to measure total ROS. As expected, 
ROS generation was significantly increased in both fed 
and fasted KO mice compared to WT mice. In addition, 
ROS level in fasted KO mice was significantly higher than 
in fed mice (Fig.  2H). Together, these data indicate that 
catalase deficiency during sustained fasting resulted in a 

marked reduction in fat mass, which is mediated through 
lipolysis of WAT caused by ROS generation.

Catalase deficiency during sustained fasting induces 
brown adipose tissue thermogenesis
Lipolysis has been shown to provide a source of energy for 
brown fat thermogenesis [34, 35]. In addition, reduction 
of fat mass is accompanied by increased energy expendi-
ture and intrascapular BAT (iBAT) thermogenesis [36]. 
As FFAs released from WAT were neither consumed nor 
accumulated in the liver in KO mice, we assumed these 
FFAs might be consumed by BAT for thermogenesis. To 
test BAT activation, BAT isolated from WT and KO mice 
was isolated and weighed. However we did not see any 
change in weight of BAT from experimental mice (Addi-
tional file 1: Fig.S5).Although, the morphological analysis 
of BAT by H&E staining showed with multilocular lipid 
droplets with slight reduced lipid deposition in KO mice 
after sustained fasting (Fig.  3A). It is well known that 
BAT activates UCP1 in the mitochondrial membrane 
to release potential energy as heat [34]. Expression of 
uncoupling proteins, UCP1 were markedly increased in 
BAT from KO mice after sustained fasting compared to 
WT mice (Fig. 3B). Furthermore, expression of the mito-
chondrial marker Tom20 was increased only in fasted KO 
mice. Consistently, mRNA levels of UCP1 and PGC-1α 
were increased in fasted KO mice compared to WT mice 
(Fig. 3C, D). As thermogenesis protein was increased in 
KO mice, we measured the rectal temperature of mice. 
The rectal temperature was significantly higher in fasted 

Fig. 3  Catalase deficiency during sustained fasting increased BAT thermogenesis through mitochondrial activation. A Representative H&E staining 
of BAT from mice. Scale bar represents 20 μm. B Proteins were extracted from BAT of WT and KO mice and immunoblot analysis was performed 
using whole-cell lysates with the indicated antibodies (n = 3). α-Tubulin was used as a loading control. qPCR analysis of C UCP1 and D PGC-1α 
genes in BAT from mice. E Rectal body temperature was measured from mice fasted for indicated time (n = 6). F qPCR analysis of ADBR3. G, H 
Activities of mitochondrial complexes I and IV from BAT of mice. Details are described in Materials and Methods. I Total ROS was measured from BAT. 
Values represent mean ± SD (n = 3, 4). *P < 0.05 WT 48 h fasting versus KO 48 h of fasting
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KO mice than in WT mice after 24 h of fasting (Fig. 3E). 
It is well known that activation of BAT is regulated by the 
sympathetic nervous system via β3-adrenergic receptors 
(ADBR3) [37]. Q-PCR for ADBR3 mRNA from BAT was 
performed, which revealed that expression of ADBR3 
was significantly increased in fasted KO mice compared 
to WT mice (Fig.  3F). To evaluate whether increased 
expression of mitochondrial proteins in fasted KO mice 
was associated with mitochondrial activity in BAT, the 
enzymatic activities of mitochondrial complex I (COX 
I) and complex IV (COX IV) were measured. The enzy-
matic activity of COX I and IV was significantly increased 
in BAT from KO mice after sustained fasting (Fig. 3G, H). 
ROS may also be the key player in inducing BAT thermo-
genesis as it induces lipolysis in WAT (Fig. 2H). To prove 
this, BAT was homogenized and incubated with DCFH-
DA, and total ROS was measured. ROS generation was 
significantly increased in BAT of KO mice compared to 
WT mice on sustained fasting (Fig. 3I). These data sug-
gest that FFAs released from excessive lipolysis of WAT 
may be consumed by the ROS-mediated thermogenic 
pathway of BAT in fasted KO mice.

Catalase deficiency during sustained fasting facilitates 
the shuttling of FFA to the BAT but not in the liver 
through FA transporter
Fasting enhances lipid catabolism by hydrolyzing TG 
stored in adipocytes, which augments FFAs and glycerol 
in the liver to supply lipids to other tissues. We found 
that catalase deficiency during sustained fasting dimin-
ished hepatic lipid accumulation and augmented lipoly-
sis to fuel the energy demand. Although lipolysis was 
induced, the liver did not obtain sufficient lipids during 
sustained fasting in KO mice. Thus, we hypothesized that 
the release of FFAs from fat tissues during sustained fast-
ing might be shuttled to BAT rather than the liver in KO 
mice.

During fasting, triglyceride-rich lipoprotein (TRL) 
transports lipids to the bloodstream, where lipids are cat-
abolized by the action of LPL. Hence, through LPL and 
transmembrane receptor cluster of differentiation 36 
(CD36), other tissues such as liver, muscle, and brown 
adipocytes get energy during nutrient deprivation [38, 
39]. Recently, it was reported that during lipolysis, FFAs 
are delivered by TRL to the FA receptor enzyme CD36 
and catabolized by LPL,that promotes sufficient energy 
needed for BAT activation [39]. Hence, BAT utilizes FA 
that are liberated from lipolysis as a source that activates 
UCP1 for thermogenesis [40, 41]. BAT activation inhib-
its ANGPTL4, an important regulator of LPL-mediated 
FA uptake into BAT. Shuttling of ANGPTL4 enhances 
LPL activity to uptake FA derived from circulating TRL 
to BAT activation [11]. Hence to test the activity of the 

FA receptor, immunoblot analysis was performed to 
check FA shuttling protein in BAT of mice fasted for 48 h. 
The protein level of ANGPTL4 was markedly decreased 
whereas CD36 was markedly increased in the BAT of 
KO mice during sustained fasting (Fig. 4A). On the con-
trary, LPL activity significantly increased after 36  h of 
fasting in the BAT of KO mice compared to that of WT 
mice (Fig. 4B). Consistent with LPL activity, mRNA lev-
els of CD36 and LPL were also significantly increased 
in the BAT of KO mice compared to WT mice (Fig. 4C, 
D). FA taken up by CD36 and catabolized by LPL in 
BAT could be a major fuel source to activate UCP1 in 
the mitochondrial membrane. Herein, we observed that 
the mRNA level of UCP1 continuously increased after 
12  h of sustained fasting in KO mice compared to WT 
mice (Fig.  4E). In contrast, immunoblot analysis with 
ANGPTL3 protein in the liver showed a marked increase 
whereas CD36 level was slightly decreased in expression 
up to 48  h during sustained fasting in KO mice com-
pared to WT mice (Fig. 4F). The lipolytic activity of LPL 
decreased significantly during sustained fasting in the 
liver of KO mice (Fig. 4G). Furthermore, mRNA levels of 
LPL and CD36 were significantly decreased in KO mice 
during sustained fasting compared to WT mice (Fig. 4H, 
I). Together, these data indicate that catalase deficiency 
during sustained fasting facilitates the shuttling of FFAs 
to BAT through the FA receptor, CD36, and were catabo-
lized by LPL.

Both ROS generation and lipolysis by isoproterenol 
is attenuated by N‑acetylcysteine in catalase deficient 
adipocytes
To confirm that the induction of lipolysis strictly 
occurred from WAT and not due to any other reason 
including hormonal changes in  vivo, we analyzed the 
autonomous induction of lipolysis from primary ingui-
nal white adipose tissue (iWAT). To mimic the effects of 
fasting and lipolysis in vitro, isoproterenol was added to 
differentiated iWAT of WT and KO mice. Isoproterenol 
treatment significantly increased the green fluorescence 
signals derived from DCFH-DA staining, reflecting 
increased ROS generation only in KO mice (Fig. 5A, B). 
The fluorescent signal in isoproterenol-treated iWAT of 
KO mice was inhibited after the addition of N-acetyl-
cysteine (NAC), confirming the effect of NAC on ROS 
generation. We were further interested in the role of 
ROS in isoproterenol-induced lipolysis. As expected, 
treatment of differentiated iWAT with isoproterenol 
resulted in lipolysis, observed as fragmented smaller 
lipid droplets and decreased fluorescent intensity of 
PLIN1 compared to WT (Fig.  5C). However, features 
of lipolysis were more obvious in differentiated iWAT 
from KO mice than those from WT mice (Fig. 5C, D). 
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We also confirmed that treatment with NAC partially 
recovered lipolytic features, including the fluorescence 
intensity of PLIN1 and lipid content, of differentiated 
iWAT from WT and KO mice (Fig. 5C, D). In addition, 
the hydrolysis of cellular lipids induced by isoprotere-
nol in differentiated iWAT of KO mice was more severe 
than that in WT mice, which was significantly inhibited 
by the addition of NAC. To determine whether NAC 
mitigated lipolysis in iWAT, we measured the levels of 
glycerol and FFAs (Fig. 5E, F). These levels significantly 
increased on treatment with isoproterenol, which was 
significantly attenuated by NAC in differentiated iWAT 
of both WT and KO mice. Consistently, the expres-
sion of lipolytic proteins, including phospho-HSL and 
ATGL, decreased on addition of NAC to catalase-KO 
adipocytes treated with isoproterenol (Fig.  5G). Taken 
together, these data suggest that the antioxidant NAC 
prevents lipolysis induced by ROS in catalase-KO pri-
mary white adipocytes.

UCP1 activation in brown adipocytes induced by ROS 
is suppressed by N‑acetylcysteine in catalase deficient 
adipocytes
To assess the effect of ROS generated during fasting on 
BAT thermogenesis, differentiated BAT was treated with 
isoproterenol, and ROS generation was measured by 
DCFH-DA staining in the presence or absence of NAC 
(Fig. 6A). The results showed that treatment with isopro-
terenol increased the green fluorescence signals derived 
from DCFH-DA staining, reflecting an increase in ROS 
generation from differentiated BAT of WT and KO mice 
(Fig.  6A, B). However, there was a marked increase in 
the green fluorescence signals of DCFH-DA in differen-
tiated BAT of KO mice compared to that of WT mice, 
which was inhibited by the addition of NAC. Next, pro-
teins involved in uncoupling and mitochondrial enzymes 
were analyzed by immunoblot analysis and Q-PCR. The 
band intensities of, UCP1, and PGC-1α were dominant in 
isoproterenol-treated differentiated BAT from KO mice 
compared to those of WT mice (Fig.  6C). As expected, 

Fig. 4  Catalase deficiency during sustained fasting facilitates the shuttling of free fatty acid to BAT through fatty acid receptor enzymes. A Proteins 
were extracted from BAT of mice fasted at indicated time and immunoblot analysis was performed using whole-cell lysates with indicated antibody 
(n = 2). B Isolated BAT from fasted mice at indicated time were homogenized and LPL activity was measured. qPCR analysis of C CD36, D LPL and 
E UCP1 in the BAT of mice fasted for indicated time. F Proteins were extracted from liver of mice fasted at indicated time and immunoblot analysis 
was performed using whole cell lysates with indicated antibodies (n = 2). G Isolated liver from fasted mice at indicated time were homogenized and 
LPL activity was measured. qPCR analysis of H CD36 and I LPL genes in liver of mice fasted for indicated time. Values represent mean ± SD (n = 3, 4). 
*P < 0.05 WT 48 h fasting versus KO 48 h of fasting; ##P < 0.001 WT 48 h fasting versus KO 48 h of fasting
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Fig. 5  ROS generation induced lipolysis was suppressed by N-Acetylcysteine in catalase deficient adipocytes. A Representative fluorescence 
images of primary white adipocytes treated as indicated and fluorescence were measured with DCFH-DA and examined under a fluorescence 
microscope. Scale bar represents 100 μm. B Percentage of cells showing green fluorescence (corresponding to DCFH-DA) and fluorescence 
intensity of adipocytes. ##P < 0.001 WT ISO vs KO ISO; #P < 0.001 KO ISO vs KO ISO + NAC. C Representative fluorescence images primary white 
adipocytes, fixed and immunostained with anti-PLIN1 (green), ORO (red), and DAPI (blue). Scale bar represents 5 μm. D The quantification of ORO 
positive cells in white adipocytes from C. *P < 0.05 WT nor vs WT ISO; WT ISO vs KO ISO; KO ISO vs KO ISO + NAC. E Serum glycerol; **P < 0.01 WT nor 
vs WT ISO; WT ISO vs KO ISO; KO ISO vs KO ISO + NAC and F FFA level in primary white adipocytes. *P < 0.05 WT nor vs WT ISO; WT ISO vs KO ISO; KO 
ISO vs KO ISO + NAC. G Proteins were extracted from treated adipocytes and immunoblot analysis was performed using whole-cell lysates with the 
indicated antibodies. Data represent mean ± SD of three independent experiments

Fig. 6  UCP1 activation in brown adipocytes induced by ROS was suppressed by N-Acetylcysteine in catalase deficient adipocytes. A Representative 
fluorescence images primary brown adipocytes treated as indicated and fluorescence were measured with DCFH-DA and examined under a 
fluorescence microscope. Scale bar represents 100 μm. B Percentage of cells showing green fluorescence (corresponding to DCFH-DA) and 
fluorescence intensity of adipocytes. *P < 0.05 WT ISO vs KO ISO; **P < 0.001 KO ISO vs KO ISO + NAC C Proteins were extracted from treated 
adipocytes and immunoblot analysis was performed using whole cell lysates with the indicated antibodies. qPCR analysis of D UCP1: *P < 0.01 WT 
nor vs WT ISO; WT ISO vs KO ISO; KO ISO vs KO ISO + NAC. E PGC-1α: **P < 0.05 WT ISO vs KO ISO; KO ISO vs KO ISO + NAC and F PPARα in isolated 
brown adipocytes. Data represent mean ± SD of three independent experiments
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co-treatment with NAC diminished the expression of 
UCP1, and PGC-1α in isoproterenol-treated differenti-
ated BAT of both WT and KO mice. The mRNA expres-
sion of UCP1 was also increased in isoproterenol-treated 
differentiated BAT of both WT and KO mice, which was 
also diminished by the addition of NAC (Fig. 6D). Next, 
we measured the transcriptional activation of genes 
involved in mitochondrial biogenesis and β-oxidation, 
including PGC1a and PPARα, in differentiated BAT 
treated with isoproterenol (Fig.  6E, F). Treatment with 
isoproterenol predominantly increased the mRNA 
expression of PGC-1α and PPARα in differentiated BAT 
of KO mice, which was also clearly diminished by NAC. 
Together, these data suggest that treatment with fasting 
mimic isoproterenol results in ROS generation, which 
further activates the signaling pathway of WAT lipolysis 
and uncoupling events of BAT in KO mice. Furthermore, 
antioxidant NAC successfully prevented ROS-mediated 
lipolysis of WAT and uncoupling of BAT under fasting 
mimic conditions.

Discussion
During fasting, TG in adipose tissue is hydrolyzed to 
FFAs and transferred to the liver, where they are uti-
lized for energy production and stored in lipid droplets. 
In contrast, we found that hepatic TG accumulation was 
reduced in fasted KO mice. We speculated that lipolysis 
in fasted KO mice induces enhancement of β-oxidation, 
which promotes H2O2 generating oxidase in peroxi-
somes. The H2O2 generated may cause a decrease in 
lipid accumulation in hepatocytes. Our speculation is 
supported by a previous report that ROS is generated in 
catalase-deficient mice and in nutrient deprived cells [21, 
22]. Additionally, the cellular redox state affects the activ-
ity of several enzymes involved in lipid metabolism in the 
liver [42].

Lipolysis induces the release of FFAs from white adi-
pocytes and triggers BAT activation via UCP1 activa-
tion for thermogenesis [39–41]. To generate heat, BAT 
uses a large amount of TG to perform efficient mecha-
nisms for continuous replacement of intracellular lipid 
storage. We showed that catalase deficiency during sus-
tained fasting induces BAT thermogenesis and hence 
requires a surplus amount of lipid to fuel thermogenesis. 
Therefore, the fatty acid receptor enzyme CD36 is active 
in BAT, and continuously takes up the FA delivered by 
circulating TRL and catabolized by LPL [11, 43]. Taken 
together, we believe that FFAs released from white adi-
pocytes are taken up by BAT through the activation 
of CD36. Meanwhile, activation of ANGPTL3, a nega-
tive regulator of LPL in hepatocytes, reduced fatty acid 
receptor enzymes, resulting in the liver not getting suf-
ficient FA delivered by circulating TRL. This observation 

caused a decrease in hepatic lipid accumulation during 
sustained fasting in KO mice. Recently, the fatty acid 
receptor enzyme CD36 was shown to be involved in the 
degradation of lipids in the liver [44], which overlaps with 
our data that a decrease in fatty acid receptor enzymes 
lessened lipid accumulation in the liver. Next, we investi-
gated how ANGPTL3 in the liver and ANGPTL4 in BAT 
regulate fatty acid receptor enzymes in circulating TRL 
during fasting. Although the exact mechanism remains 
to be elucidated, we hypothesize that ROS generation in 
KO mice might regulate ANGPTLs in the bloodstream. 
Our assumption is consistent with a previous report that 
ROS inhibits ANGPTL4 expression in adipocytes dur-
ing hyperoxia [45, 46]. Hence, ROS generation in BAT 
might be a key player in the inhibition of ANGPTL4, 
which activates LPL to trigger BAT thermogenesis. Two 
members of the angiopoietin-like family, ANGPTL3 and 
ANGPTL4, modulate lipoprotein metabolism with differ-
ences in key mechanisms. In addition to tissue-specific 
localization, ANGPTL3 in the liver and ANGPTL4 in 
adipocytes, their protein structure and mode of inhi-
bition of LPL activity are also different [3, 47]. Further-
more, we also showed that fat mass was significantly 
decreased in fasted KO mice, which might be due to 
enhanced lipolysis. Reduced fat mass is also accompanied 
by the activation of BAT thermogenesis [36]. Indeed, our 
data suggest that lipolysis is activated in fasted KO mice 
and that the FFAs released from WAT were unavailable 
for delivery to the liver for TG synthesis because BAT 
consumed them for thermogenesis.

As ROS increases in all the metabolic tissues including 
liver, WAT and BAT, we were keen to check the expres-
sion level of catalase and other antioxidant enzyme such 
as GPX and PRX3 at different time interval during fast-
ing. We hypothesize that catalase expression might be 
also increased in WAT and BAT during sustained as in 
liver (Additional file  1: Fig. S1A–C). Hence, mice were 
fasted for different time intervals (0, 6, 12, 24, 36, and 
48  h) and immunoblot analysis was performed using 
WAT and BAT homogenates to examine the differential 
expression of catalase, GPX and PRX3 (Additional file 1: 
Fig S6A, B). Although catalase expression was slightly 
increased in a time dependent manner after fasting in 
white adipocytes (Additional file 1: Fig.S6A), we did not 
observe any distinctive change of catalase in BAT and 
other antioxidant in both WAT and BAT (Additional 
file 1: Fig. S6A, B). To make it more clear we measured 
catalase activity in white and brown adipocytes from the 
mice fasted for 0, 24, 36 and 48 h (Additional file 1: Fig. 
S6C, D). The enzymatic activity of catalase was signifi-
cantly increased during sustained fasting in both white 
and brown adipocytes. Further, we analysed the protein 
level of GPX and PRX III in WT and catalase KO mice 
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in the liver, WAT, and BAT during sustained fasting. The 
expression level of both antioxidants was unaltered in the 
liver, WAT, and BAT, respectively (Additional file 1: Fig. 
S6 E–G). Hence we conclude that catalase might be a key 
player in metabolic tissues to regulates ROS during sus-
tained fasting.

It is well known that UCP1 is responsible for non-shiv-
ering thermogenesis in BAT. However, the factor respon-
sible for the production of heat by UCP1 in BAT during 
fasting is unclear. Many studies in mice and humans have 
shown that cold stimulation induces non-shivering ther-
mogenesis in BAT. Moreover, liberation of FA from WAT 
by lipolysis is responsible for BAT thermogenesis dur-
ing fasting [35, 40, 41]. As discussed above, FA released 
by lipolysis can be taken up by BAT for thermogenesis. 
Hence, fasting could also be a possible reason for BAT 
activation [41]. Other reports also suggest that BAT ther-
mogenesis is activated by fasting, such as intermittent or 
every other day fasting, besides cold stress, to alleviate 
obesity [48, 49]. We also showed that ROS generation is 
responsible for lipolysis and BAT thermogenesis, concur-
rent with previous reports suggesting that BAT activation 
is associated with ROS generation [13–16]. Consist-
ently, our study suggests that enhanced ROS generation 
induces UCP1 for thermogenesis in catalase-KO brown 
adipocytes.

Peroxisomes are abundant and play a vital role in the 
adipose tissue [50–53]. In adipocytes, they are closely 
associated with lipid droplets and play a key role during 
the differentiation of pre-adipocytes to mature adipo-
cytes, suggesting that de novo peroxisome formation and 
transcriptional regulation of thermogenesis are inter-
related [54]. We showed that the peroxisome number is 
decreased in the liver [22], whereas it is increased in BAT 
in KO mice during sustained fasting (Additional file  1: 
Fig. S7). We argued that the drastic appearance of per-
oxisomes might be specific to the tissue. In the liver due 
to sustained fasting, we can speculate that excessive ROS 
is induced for meeting energy demands, which might 
increase peroxisome oxidases to induce autophagic deg-
radation of peroxisomes as a self-defense mechanism in 
catalase-deficient mice. In contrast, peroxisomes are crit-
ical for BAT thermogenesis, as reported earlier [54].

Collectively, our study proposes that controlling cata-
lase activity would be a valuable approach for maintain-
ing homeostatic balance in lipid metabolism.

Materials and methods
Animal treatments
Homozygous KO mice were kindly provided by Dr. Ye-
Shih Ho (Institute of Environmental Health Sciences 
and Department of Biochemistry and Molecular Biol-
ogy, Wayne State University, USA). Mice were interbred 

and experiment were designed as described previously 
[22]. Mice were maintained in accordance with the 
standard protocol approved by the Animal Care and 
Use Committee at Gwangju Institute of Science and 
Technology, Korea.

Isolation, culture and differentiation of primary adipocytes
Both iBAT, isolated from newborn to 7 days old mice, 
and iWAT, isolated from 7–8  weeks old mice were 
minced and subjected to collagenase digestion (2  mg 
of collagenase in 2  mL of isolation buffer containing 
0.123  M NaCl, 5  mM KCl, 1.3  mM CaCl2, 5  mM glu-
cose, 100  mM HEPES, and 4% BSA) for 1  h at 37  °C 
in a shaker. The cell suspension was filtered through a 
100 μm filter. The filtrate was centrifuged at 600 × g for 
5  min. Pellets were resuspended in 2  mL SVF growth 
medium (DMEM consisting of 25  mM glucose, 20% 
FBS, 20  mM Hepes, 100 units/mL penicillin/strepto-
mycin) and seeded on 6-, 12-, and 24 well plates in a 
humidified atmosphere of 5% CO2. After 2  days post 
confluency (designated day 0), differentiation was 
induced by addition of differentiation media (DMEM 
containing 0.5  mM IBMX, 0.5  μM dexamethasone, 
20  nM insulin) and incubated in a humidified atmos-
phere of 5% CO2. At day 2, the medium was replaced 
with maintenance medium (DMEM medium con-
taining 20  nM insulin and 0.5  μM rosiglitazone). This 
medium was renewed every 48  h until the adipocytes 
fully differentiated.

Lipolysis induction in adipocytes
After cell differentiation, the medium was replaced with 
lipolytic medium (DMEM medium containing 1 g/L glu-
cose, 5% FBS, 2% BSA) and supplemented with or with-
out 10  μM isoproterenol (I6504; Sigma-Aldrich) and 
incubated in a humidified atmosphere containing 5% 
CO2. The lipolytic experiments were carried out for 12 h. 
Cultures were frequently observed with a phase contrast 
microscope. After 12  h of incubation, culture medium 
from the cells was extracted. FFAs (Cayman #700310) 
and, glycerol (Biovision #K630-100) were measured from 
media of treated cell according to the manufacturer’s 
protocol.

Measurement of hepatic TG levels
Serum TG levels were measured using a 7600 Clini-
cal Analyzer (Hitachi). To measure hepatic TG, 50  mg 
of liver tissue was homogenized, and TG was measured 
using a Triglyceride Colorimetric Assay kit (Cayman, 
#10010303) according to the manufacturer’s protocol.
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Histological analysis
For histological analysis, tissues were fixed in 10% forma-
lin solution, embedded in paraffin, and sectioned. H&E 
staining were performed as described previously [22].

For immunofluorescence (IF) staining of tissue and 
primary adipocytes, snap-frozen tissues were sectioned 
using a cryostat and then defrosted at room tempera-
ture for 1 h. The primary adipocytes and tissue sections 
were fixed in 4% paraformaldehyde (HT5014; Sigma-
Aldrich) at room temperature for 20 min, washed thrice 
in PBS, incubated with 0.2% Triton X-100 for 5 min, and 
rinsed in PBS. The sections were blocked with 5% goat 
serum with 0.1% Triton X-100, whereas adipocytes were 
blocked with 3% bovine serum albumin (BSA) for 1  h 
at room temperature. Then, both were incubated with 
the target protein antibody (1:200) with their respective 
blocking solution overnight at 4 °C. The next day, the tis-
sues and adipocytes were again washed thrice with PBS, 
stained with Alexa Fluor-conjugated secondary antibody 
in blocking solution at room temperature in the dark for 
1 h, washed twice with PBS, and incubated with 10 μM 
DAPI in PBS at room temperature for 10  min. Images 
were acquired and analyzed using an Olympus FluoView 
1000 confocal laser scanning system. The slides were 
scored in a blinded manner.

Oil Red O (ORO) staining
Cryosectioned liver samples and primary adipocytes 
were fixed with paraformaldehyde for 20 min and washed 
twice with distilled water. ORO solution (01391; Sigma-
Aldrich) was added to the samples for 1 h at room tem-
perature. The sections were washed with distilled water 
and counterstained with hematoxylin solution for 1 min 
whereas adipocytes were washed with PBS and incu-
bated with 10 μM DAPI in PBS at room temperature for 
10 min. Images were acquired and analyzed using a light 
microscope for tissue and fluorescence microscope for 
adipocytes. The slides were scored in a blinded manner.

Western blot analysis
To determine the expression levels of target protein, 
western blot from whole cell analysis using tissues sam-
ple and primary adipocytes were performed as described 
previously [21, 22]. The antibodies used and their sources 
are listed in Additional file 1: Table S1.

Measurement of total FAs
Liver tissue (~ 50  mg) from the experimental mice was 
homogenized using a TissueLyzer (Qiagen). Henei-
cosanoic acid as an internal standard was added to the 
samples, and FA were extracted by the Folch method 
[55]. For FA analysis, base hydrolysis using KOH was 

performed, followed by neutralization with HCl. Methyl 
esterification was performed with BCl3-MeOH at 60  °C 
for 30 min, and the FA content was analyzed by gas chro-
matography-mass spectrometry (GC–MS) analysis using 
7890A/5975A (Agilent). All standards, including the 
internal standard for calibration, were purchased from 
Avanti Polar Lipids and Sigma-Aldrich.

Quantitative reverse transcription‑polymerase chain 
reaction (qPCR)
qPCR from tissues lysates and primary adipocytes were 
analysed as described earlier [22]. The primer sequences 
are listed in Additional file 1: Table S2.

Mitochondrial complex activity
Liver and BAT were homogenized with buffer provided 
in the Complex I Enzyme Activity Microplate Assay Kit 
(ab109721, Abcam Biotech, UK) and Complex IV Rodent 
Enzyme Activity Microplate Assay Kit (ab109911, Abcam 
Biotech). Mitochondrial complex I and IV activities were 
measured according to the manufacturer’s instructions.

Determination of LPL activity
Liver and BAT tissues were homogenized in ice-cold 
PBS. The centrifuged supernatant was collected and the 
LPL activity was measured using the LPL activity assay 
kit (Biovision, # K72-100).

Determination of ROS production
ROS production from tissue lysates and adipocytes were 
performed as previously described [21, 22].

Terminal deoxynucleotidyl transferase dUTP nick‑end 
(TUNEL) labeling assay
TUNEL assay from paraffin embedded WAT section 
were performed as described previously [22].

Catalase activity
Liver, WAT, and BAT tissues were homogenized in 
ice-cold PBS. The sample were centrifuged at 4  °C at 
10,000 × g and supernatant was collected and catalase 
activity was measured using the catalase activity assay kit 
(abcam, # ab83464).

Statistical analysis
All values are presented as mean ± standard deviation 
(SD). One-way analysis of variance was used to compare 
means, and P-values < 0.05 were considered statistically 
significant.

Abbreviations
ANGPTLs: Angiopoietin-like proteins; BAT: Brown Adipose Tissue; CD36: Cluster 
of differentiation 36; FA: Fatty Acids; FAO: Fatty Acid Oxidation; FFAs: Free Fatty 
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