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Exacerbating Adipocyte Dysfunction via Oxidative Stress
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Abstract

Aims: Peroxisome is a critical organelle for fatty acid oxidation (FAO) and metabolism of reactive oxygen
species (ROS). Increased oxidative stress in adipose tissue contributes to the development of insulin resistance
and metabolic syndrome in obesity. This study aimed to investigate the role of peroxisomal fitness in main-
taining adipocyte function, which has been under-rated in the obesity research area.
Results: Reduced peroxisomal gene expressions in white adipose tissue (WAT) of obese mice suggested a close
correlation between peroxisomes and obesity. Peroxisomal biogenesis factor 5 siRNA increased cellular ROS
and inflammatory mediators in 3T3-L1 adipocytes. On the contrary, hydrogen peroxide or tumor necrosis
factor-a treatment significantly decreased biogenesis- and function-related peroxisomal proteins, suggesting a
positive feedback loop of ROS/inflammation and peroxisomal dysfunction. Correspondingly, catalase (a major
peroxisomal antioxidant)-knockout mice fed with high-fat diet (HFD) exhibited suppressed peroxisomal pro-
teins along with increased oxidative stress and accelerated obesity. In response to fenofibrate (a peroxisomal
proliferator) treatment, WAT of HFD-fed wild-type mice showed not only increases in peroxisomal biogenesis
and FAO but also attenuated features of adipocyte dysfunction and obesity. However, these results were not
observed in peroxisome proliferator-activated receptor-alpha null obese mice.
Innovation: Impaired peroxisomal fitness enhanced oxidative stress and inflammation in adipocytes, which
exacerbates obesity.
Conclusion: Adipose tissue peroxisomal homeostasis plays an important role in attenuating the features of
obesity, and it can be a potential therapeutic target of obesity. Antioxid. Redox Signal. 31, 1339–1351.
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Introduction

The prevalence of obesity has been steadily increased,
and obesity has become one of the most serious world-

wide health problems (24). Accumulating evidence has in-
dicated that obesity is related to various diseases, such as
dyslipidemia, insulin resistance, and type 2 diabetes (37).
Obesity is defined as an excessive fat accumulation in the
adipose tissue, which is a result of energy imbalance between
energy intake and expenditure. Adipose tissues represent
*10% of body weight in lean adults, but it can achieve up to

50% in obese subjects (15). Hypertrophic adipose tissue with
increased oxidative stress exhibited disturbed redox balance,
which consequently leads to impaired adipogenesis, insulin
resistance, and obesity (7). However, the underlying mech-
anism of oxidative stress in adipose tissue remains elusive.

Peroxisomes are small, membrane-enclosed organelles
that are present in all cell types, except for erythrocytes.
These organelles play a critical role in metabolism of reac-
tive oxygen species (ROS) and various lipids, such as very
long-chain fatty acid (VLCFA) b-oxidation, branched-chain
fatty acid a-oxidation, and ether phospholipid biosynthesis
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(29). Enhanced cellular oxidative stress by peroxisome defects
or dysfunction has been implicated with aging, type 2 diabetes,
and neurodegenerative disorders (4, 10, 12). Growing evi-
dence has suggested the relation between peroxisomes and
adipose tissue function. Increased peroxisome numbers were
observed during adipogenesis of 3T3-L1 adipocytes (31).

Peroxisomes are dynamic organelles that rapidly assem-
ble, multiply, and degrade in response to metabolic need. For
their biogenesis, they require a group of proteins called per-
oxins. Peroxisomal biogenesis factor 16 (Pex16) promotes
peroxisomal growth via Pex3-dependent integration of per-
oxisomal membrane proteins. Pex16-silencing adipocytes
exhibited decreased adipogenesis and adipocyte lipid me-
tabolism due to deficient peroxisome number (19). Whereas
Pex5 is the import receptor of peroxisomal matrix proteins
for formatting functional peroxisome. Adipose tissue-specific
Pex5 knockout (KO) mice exhibited dysfunctional peroxi-
somes in adipose tissue with reduced lipolysis, increased fat
mass, and insulin resistance (30). In contrast, a peroxisomal
proliferator-activated receptor alpha (PPARa) agonist treat-
ment ameliorated adiposity and insulin resistance in obese
mice (23). Nevertheless, the role of peroxisome in redox ho-
meostasis of adipose tissue has not been clearly elucidated.

In this study, we aimed to dissect the role of peroxisome
in redox homeostasis of adipose tissues under high-fat diet
(HFD)-induced metabolic disorders. We initially demon-
strated decreases in peroxisomal biogenesis in both genetic-
and diet-induced obese mice. Hydrogen peroxide (H2O2) and
tumor necrosis factor-a (TNF-a) decreased peroxisomal
biogenesis, and loss of Pex5 function, in turn, exacerbated
inflammation and oxidative stress in 3T3-L1 adipocytes. We
confirmed that peroxisomal oxidative stress led to decreased
peroxisomal biogenesis and enhanced inflammation in white
adipose tissue (WAT) of HFD-fed catalase KO (CKO) mice.
Then, we investigated whether fenofibrate, a peroxisomal
proliferator, might rescue peroxisomal biogenesis and func-
tion in HFD-induced adipocytes dysfunction.

Results

Peroxisomal abundance is decreased
in WAT of obese mice

Our preliminary result demonstrated increased peroxisomal
genes during adipogenesis of 3T3-L1 adipocyte (Supple-

mentary Fig. S1A–G). We initially, therefore, investigated
whether peroxisome abundance was altered in db/db mice,
which exhibit insulin resistance and obesity (Supplementary
Fig. S2). We examined a set of peroxisomal genes involved in
peroxisomal biogenesis, including import receptor (Pex5 and
Pex7), docking complex (Pex13 and Pex14), membrane as-
sembly (Pex16 and Pex19), and elongation (Pex11a) (14).
Almost all of these genes were significantly lower in db/db
mice than in db/m+ mice (Fig. 1A).

As peroxisomes are functionally required for fatty acid
oxidation (FAO) and ROS detoxification, we measured
mRNA expression of ATP-binding cassette subfamily D mem-
ber 2 (Abcd2), Abcd3, acyl-CoA oxidase 1 (Acox1), acetyl-
CoA acyltransferase 1A, acyl-CoA thioesterase 4 (Acot4), as
well as catalase. These functional genes were significantly
decreased in db/db mice compared with db/m+ mice (Fig. 1A).
A lower immunostaining intensity of Abcd3, a marker of per-
oxisomal membrane protein, was observed in db/db mice in
comparison with db/m+ mice, further confirming decreased
peroxisomal abundance in WAT (Fig. 1B). The reductions of
peroxisomal biogenesis genes and peroxisome abundance in
adipose tissue were also found in HFD-fed mice as compared
with normal diet (ND)-fed mice (Fig. 1C, D).

Altogether, peroxisomal biogenesis and abundance are
downregulated in WAT of both diet- and genetically induced
obese mice, suggesting a role of WAT peroxisome in the
development and progression of obesity.

Pex5 knockdown leads to increased oxidative stress
and inflammation in 3T3-L1 adipocytes

Altered peroxisomal genes may be either a causal or a
collateral effect of hypertrophic adipocytes. We elucidated
this key event by analyzing pathological changes initiated by
loss of peroxisomal function.

Knockdown of Pex5, a crucial peroxin involved in per-
oxisome biogenesis, in 3T3-L1 adipocytes led to down-
regulation of Pex11a, Pex14, Pex16, Pex19, Acox1, and
catalase mRNA levels (Fig. 2A), and Pex5, Abcd3, and cat-
alase protein expression (Fig. 2B, C). Loss of Pex5 function
in adipocytes led to decreases in peroxisome abundance
(Fig. 2D, E), total peroxisomal FAO (Fig. 2F), and C26:0
FAO (Fig. 2G). 2¢,7¢–dichlorofluorescein diacetate (DCF-
DA) staining further revealed higher cytosolic ROS in Pex5
knockdown adipocytes than those in control adipocytes
(Fig. 2H, I). Interestingly, transcript levels of inflammatory
mediators, that is, TNF-a, monocyte chemoattractant protein-
1 (MCP-1), and NLR family pyrin domain containing 3
(Fig. 2J), and interleukin-6 (IL-6) secretion were increased in
Pex5 knockdown adipocytes (Fig. 2K).

H2O2 suppresses peroxisome biogenesis
in 3T3-L1 adipocytes

As oxidative stress plays a role in the adipocyte injury (13),
we determined whether it also affects peroxisomal biogen-
esis. H2O2 decreased Pex5, Pex11a, Pex14, catalase, and
Acox1 mRNA levels in a dose-dependent manner (Fig. 3A),
which were significantly inhibited by a well-known antioxi-
dant N-acetyl-cysteine (NAC) (Fig. 3B, C). In addition to
ROS, inflammatory cytokines contribute to downregulation
of peroxisomal genes (32). TNF-a, one of major inflamma-
tory cytokines, significantly decreased Pex5, Abcd3, and

Innovation

Peroxisome defects have been associated with adipo-
cyte dysfunction. However, the role of peroxisome in
adipocyte redox homeostasis remains elusive. We showed
decreases in a set of peroxisomal genes in white adipose
tissue of mice and human with obesity. Impaired peroxi-
somal fitness significantly enhanced oxidative stress and
inflammation in adipocytes, which eventually aggravates
obesity. Fenofibrate (peroxisome proliferator-activated
receptor agonist) treatment in high-fat diet-induced obese
mice increased peroxisomal biogenesis-related proteins,
restored peroxisomal fatty acid oxidation, and attenuated
the features of adipocyte dysfunction and obesity. Thus,
adipose tissue peroxisome can be a new therapeutic target
in obesity-associated metabolic syndrome.
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catalase protein expression, which indirectly represent re-
duction of peroxisomal biogenesis and function (Fig. 3D, E).

HFD-fed CKO mice demonstrate an accelerated
obesity and suppressed peroxisome biogenesis

Since catalase is a major peroxisomal antioxidant enzyme,
we used CKO mice to replicate a condition of increased
peroxisomal oxidative stress. Before HFD feeding, there
was no significant difference in body weight across four
experimental groups (Fig. 4A). Twelve-week-HFD feeding
significantly increased wild-type (WT) and CKO mice’s
body weight as compared with those of respective controls
(Fig. 4A). Subcutaneous and epididymal fat weights were
particularly higher in HFD-fed CKO mice than HFD-fed WT
mice (Fig. 4B–E). Histological hematoxylin and eosin (H&E)
staining indicated that adipocytes were larger in WAT of
HFD-fed CKO mice (Fig. 4F, G).

Dysregulated adipokine, inflammation, and oxidative
stress have been well considered as major players in adipose
tissue dysfunction (13, 38). F4/80 staining revealed that
macrophage infiltration in WAT was increased in CKO mice
compared with WT mice under HFD feeding (Fig. 4H). Ac-
cordingly, adiponectin and IL-10 mRNA levels were down-
regulated, whereas MCP-1, F4/80, and CD11c mRNA levels
were increased in WAT of HFD-fed CKO mice (Fig. 4I).
Lipid peroxides (LPOs), detected in both plasma and WAT,
were significantly higher in HFD-fed CKO mice than in WT
mice (Fig. 4J, K). Other oxidative stress markers, that is, 4-
hydroxynonenal (4-HNE) and 8-hydroxydeoxyguanosine (8-

oxo-dG), were also significantly increased in WAT of HFD-
fed CKO mice (Fig. 4L–N).

Importantly, WAT of HFD-fed CKO mice demonstrated
decreased peroxisomal protein expression, that is, Pex5, Pex14,
Pex16, Abcd3, and Acox1 (Fig. 4O, P). A similar trend was
also observed in the transcript levels of Pex5, Pex14, Abcd2,
and Acot4 (Fig. 4Q). However, these pathological changes and
decreased peroxisomal protein expression were not observed in
ND-fed CKO mice (Supplementary Fig. S3). These results
suggest that catalase deficiency exacerbates oxidative stress in
WAT under high-fat-induced metabolic stress, which is asso-
ciated with suppressed peroxisomal biogenesis and accelerated
obesity. Thus, increasing peroxisomal biogenesis can be a ben-
eficial strategy in ameliorating HFD-induced adipocyte injury.

Fenofibrate rescues peroxisomal dysfunction
in WAT and ameliorates adipocyte injuries
in HFD-induced obese mice

To dissect beneficial effects of restoring peroxisomal func-
tion in WAT, HFD-fed WT mice were treated with a PPARa
agonist (fenofibrate), a classical peroxisome proliferator,
which may induce peroxisomal biogenesis in WAT (27, 40).
Protein expression of key regulators in peroxisomal biogene-
sis, that is, Pex5, Pex14, and Pex16, was significantly de-
creased in WAT of HFD-fed WT mice. Abcd3 staining further
confirmed that peroxisome was less abundant in WAT of HFD-
fed WT mice than in ND-fed WT mice. HFD-fed WT mice
treated with fenofibrate demonstrated significant restorations
of peroxisomal biogenesis and abundance (Fig. 5A–D).

FIG. 1. WAT of obese mice exhibits decreased peroxisomal abundance. (A) Relative mRNA levels of genes related to
peroxisome biogenesis and function were measured in WAT of db/m+, db/db, as well as (C) ND and HFD-fed mice. (B)
Immunostaining of Abcd3 (red) and DAPI nuclear counterstains (blue) in WAT of 20-week-old db/db and (D) HFD-fed
mice. Original magnification: 200 · ; scale bar: 100 lm. (A–D) Values are mean – SE of 5–7 mice. *p < 0.05 versus db/m+

mice or ND mice. DAPI, 4¢,6-diamidino-2-phenylindole; HFD, high-fat diet; ND, normal diet; SE, standard error; WAT,
white adipose tissue. Color images are available online.
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FIG. 2. Pex5 knockdown exacerbates ROS and inflammation in 3T3-L1 adipocytes. (A–C) 3T3-L1 adipocytes were
transfected with Pex5 siRNAs for 72 h. Reductions of Pex5 mRNA and protein expressions were verified. Gene and protein
expressions related to peroxisome biogenesis and function were measured. Expression levels of indicated proteins were
quantified by densitometry and normalized with GAPDH. (D) Immunostaining and (E) fluorescence-intensity quantification
of Abcd3 in control and Pex5 knockdown adipocytes. Original magnification: 630 · ; scale bar: 10 lm. (F) Measurement of
adipose tissue peroxisomal FAO and (G) OCR in the presence of 10 lM hexacosanoic acid (C26:0). (H) Cellular ROS was
detected with DCF-DA and (I) staining intensity was quantified. Original magnification: 100 · ; scale bar: 100 lm. (J)
Relative mRNA levels of inflammatory cytokines are shown. (K) Secreted IL-6 in cell culture supernatant was measured by
enzyme-linked immunosorbent assay. (A–K) Values are mean – SE of 3–4 experiments. *p < 0.05 versus control. DCF-DA,
2¢,7¢–dichlorofluorescein diacetate; DPM, disintegrations per minute; FAO, fatty acid oxidation; OCR, oxygen consumption
rate; Pex, peroxisomal biogenesis factor; ROS, reactive oxygen species. Color images are available online.

1342



Compared with ND-fed WT mice, HFD-fed WT mice
exhibited decreased peroxisomal FAO in WAT, which were
significantly attenuated by fenofibrate treatment (Fig. 5E).
Protein expression of Abcd3, Acox1, and catalase was also
reduced in HFD-fed WT mice, which was significantly in-
creased in response to fenofibrate treatment (Fig. 5F, G).
However, these beneficial effects of fenofibrate were absent
in WAT of ND-fed mice (Supplementary Fig. S4).

As fenofibrate maintains peroxisomal fitness in WAT, we
investigated whether fenofibrate ameliorates adipocytes in-
jury. F4/80 immunostaining in WAT of HFD-fed WT mice
confirmed macrophage infiltration and crown-like structure
around necrotic adipocytes, which were significantly allevi-
ated in response to fenofibrate (Fig. 6A, B). Moreover, WAT
of HFD-fed WT mice exhibited a decrease in adiponectin
mRNA level, which was restored by fenofibrate treatment.
Proinflammatory mediators, such as MCP-1, F4/80, and
CD11c (a representative marker of M1 macrophage), were
increased in WAT of HFD-fed WT mice, which were sig-
nificantly decreased in response to fenofibrate (Fig. 6C). In-
creased oxidative stress, indicated by plasma LPO, WAT
LPO, and 8-oxo-dG, in WAT of HFD-fed WT mice was also
significantly decreased by fenofibrate (Fig. 6D–F).

In addition, HFD-fed WT mice treated with fenofibrate
confirmed weight loss, which was mainly attributed to
decreases in subcutaneous and epididymal fat (Supple-
mentary Fig. S5). Fenofibrate treatment also showed an
improved insulin sensitivity as evaluated by homeostatic

model assessment for insulin resistance index, intraperito-
neal glucose tolerance test (IPGTT), and intraperitoneal in-
sulin tolerance test (IPITT) (Supplementary Fig. S6).

Pharmacological effects of fenofibrate were interestingly
observed in obese HFD-fed CKO mice. HFD-fed CKO mice
treated with fenofibrate demonstrated increases in peroxi-
somal biogenesis-related genes, glucose tolerance, and
insulin sensitivity, along with decreases in body weight,
fat weight, adipocyte size, plasma and WAT LPO, as well
as F4/80 and nitrotyrosine-positive staining area in WAT
(Supplementary Fig. S7).

Fenofibrate-induced peroxisomal biogenesis
and function depend on PPARa

PPARa plays a role in regulating hepatic peroxisomal
proliferation (9, 21). Fenofibrate’s mode of action, however,
is not restricted to PPARa agonism. Therefore, we examined
whether fenofibrate-induced peroxisomal biogenesis de-
pended on PPARa activation. Fenofibrate did not decrease
either the adiposity (Supplementary Fig. S8A–E) or oxidative
stress, indicated by 8-oxo-dG staining (Supplementary
Fig. S8F), in WAT of HFD-fed PPARa KO mice. Beneficial
effects of fenofibrate on peroxisomal biogenesis-related pro-
teins, that is, Pex5, Pex11a, and Pex16, peroxisomal abun-
dance indicated by Abcd3 immunostaining, and peroxisomal
FAO were absent in WAT of HFD-fed PPARa KO mice
(Supplementary Fig. S9).

FIG. 3. H2O2 induces downregulation of peroxisome biogenesis in 3T3-L1 adipocytes. (A) Mature 3T3-L1 adipocytes
were treated with three different concentrations of H2O2 (0.1, 0.25, and 0.5 mM). Relative mRNA levels of peroxisomal
genes were examined by quantitative polymerase chain reaction. (B, C) After a pretreatment with 10 mM NAC, mature 3T3-
L1 adipocytes were treated with 0.5 mM H2O2 for 6 h. Relative mRNA levels of peroxisomal genes were measured. (D)
Mature 3T3-L1 adipocytes were treated with either 10 or 20 ng/mL TNF-a for 24 h. Pex5, Abcd3, and catalase protein
expression was analyzed with Western blotting. (E) Expression levels of indicated proteins were quantified by densitometry
and normalized with b-actin. (A–E) Values are mean – SE of 3–4 experiments. *p < 0.05 versus control. H2O2, hydrogen
peroxide; NAC, N-acetyl cysteine; TNF-a, tumor necrosis factor-a.
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FIG. 4. HFD-fed CKO mice demonstrate accelerated obesity and suppressed WAT peroxisome biogenesis. (A)
Body weight of HFD-fed WT and CKO mice was measured every week. (B–E) Subcutaneous and epididymal WAT weight,
before and after corrected by body weight. (F) H&E staining, (G) quantification of adipocyte size, and (H) F4/80 im-
munostaining of WAT are shown. (I) mRNA levels of adiponectin and inflammation-related genes were analyzed. (J)
Plasma and (K) WAT LPO levels were measured. (L) 4-HNE immunostaining of WAT and (M) quantification of positive
staining area are shown. (N) 8-oxo-dG immunostaining analysis of WAT. (O–Q) Protein and mRNA expressions of
peroxisomal proteins are shown. Expression levels of indicated proteins were quantified by densitometry and normalized
with b-actin. Figures’ original magnification: 200 · ; scale bar: 100 lm (F, H, and L), 50 lm (N). (A–Q) Values repre-
sent means – SE of seven mice per group. *p < 0.05 versus WT HFD mice. 4-HNE, 4-hydroxynonenal; 8-oxo-dG, 8-
-hydroxydeoxyguanosine; CKO, catalase knock out; H&E, hematoxylin and eosin; LPO, lipid peroxides; WT, wild-type.
Color images are available online.
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Discussion

This study advanced our understanding on the role of perox-
isome in adipose tissue dysfunction associated with obesity. We
found that peroxisomal genes were significantly downregulated
in WAT of diabetic obese db/db and HFD-induced obese mice.
A similar finding has been reported in the liver of mice with
nonalcoholic fatty liver disease (33), which is also a feature
of obesity-associated metabolic syndrome. Interestingly, our
preliminary study (data not shown) and a Gene Expression
Omnibus database (GSE94753) analysis (25) (Supplementary
Fig. S1H) revealed that WATs of obese human had lower per-
oxisomal genes than those of healthy lean individuals. In fact,
a couple of independent clinical studies demonstrated patho-
logical changes associated with peroxisomal dysfunction in
patients with metabolic syndrome, such as a high VLCFA
concentration in the whole blood (26) and low level of plas-
malogens, which are a subtype of ether-linked phospholipids
synthesized in peroxisome (8). This evidence suggests that
peroxisome dysfunction plays an important role in mediating
the pathogenesis of metabolic syndrome as well as obesity.

We have, then, investigated the key event that is respon-
sible for WAT peroxisomal gene downregulations during
obesity. As H2O2 in WAT was prominently increased in
obese mice and suggested to be an important driver of met-
abolic syndrome (13), we examined the effect of oxidative
stress on peroxisomal fitness. H2O2 significantly decreased
peroxisomal genes in differentiated 3T3-L1 adipocytes,
which were significantly inhibited by NAC. However, further
studies are necessary to investigate the effect of either other
antioxidants or catalase overexpression in oxidative stress-
induced peroxisomal dysfunction. It should be noticed that
ROS may interact with proteins and cause protein oxidative
modifications. In mouse embryo fibroblast cells, H2O2 mod-
ified catalase activation based on its concentration (5, 6).
Therefore, it remains interesting to investigate whether per-
oxisomal proteins, including catalase, are modified under
metabolic stress-induced oxidative stress in adipose tissues.

Since ROS are intimately associated with inflammatory
response (3), we examined the effect of inflammation on
peroxisome. TNF-a decreased peroxisomal proteins in 3T3-
L1 adipocytes. Similar to our result, Pex13 expression in lung

FIG. 5. Fenofibrate attenuates peroxisomal dysfunction in WAT of HFD-fed WT mice. (A, B) Western blot analysis
of Pex5, Pex14, and Pex16 protein expression in WAT. (C) Immunostaining and (D) fluorescence-intensity quantification of
Abcd3. Original magnification: 200 · ; scale bar: 50 lm. (E) Measurement of peroxisomal FAO in WAT. (F, G) Western
blot analysis of Abcd3, Acox1, and catalase protein expression in WAT. Expression levels of indicated proteins were
quantified by densitometry and normalized with b-actin. (A–G) Values represent mean – SE of seven mice. *p < 0.05. Color
images are available online.
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fibroblast was decreased in response to TNF-a stimulation
(32). On the contrary, Pex5 knockdown in mature adipocytes
increased cellular ROS and inflammatory cytokines, and
suppressed peroxisomal abundance and FAO. Consistent
with our results, Pex13 (32) or Pex11b (1) deficiency led to
increased oxidative stress in lung fibroblast or neurons, re-
spectively. Altogether, we showed a positive feedback loop
of oxidative stress/inflammation and peroxisomal dysfunc-
tion, which exaggerates adipose tissue dysfunction.

Considering that various peroxins are involved in peroxi-
somal biogenesis and function, other Pex gene knockdowns
remain important to thoroughly understand the relation be-
tween peroxisomal oxidative stress and biogenesis in WAT.
To clearly show the role of peroxisomal oxidative stress, it
is also needed to perform spatiotemporal measurement of
peroxisomal H2O2 by using peroxisomal-targeted H2O2

sensitive fluorescent probe (HyPer) (35).
The results from 3T3-L1 adipocytes culture were con-

firmed in the HFD-induced obese mice. Metabolic stress-
induced obesity and exacerbated inflammation and oxidative
stress in WAT were associated with decreased peroxisomal
FAO as well as expression of proteins related to peroxisomal
biogenesis and function. In this study, we used a common
diet-induced obesity model, that is, HFD, which is mainly
rich in oleic acid, linoleic acid, and palmitic acid. Further
studies utilizing diet enriched with phytol, a branched-chain
fatty acid mainly metabolized in the peroxisome, are needed
to confirm the role of peroxisome in adipose tissues.

Similar to our previous study in diabetic kidney (20), CKO
mice decreased peroxisomal gene expressions in adipocytes.
CKO mice with dysfunctional peroxisomes and aggravated ox-
idative stress demonstrated accelerated HFD-induced obesity,
WAT inflammation, and suppression of adiponectin, compared
with WT mice. Since catalase in nonadipocyte tissues may also
contribute to metabolic dysregulation, a further study with adi-
pose tissue-specific catalase-deficient mice is important.

As observed in other studies (11, 23, 41), adipocyte hy-
pertrophy and insulin resistance in HFD-fed WT mice were
effectively prevented by fenofibrate. Peroxisomal b-
oxidation was significantly recovered in WAT of HFD-fed
WT mice with fenofibrate treatment. Improvement of per-
oxisomal biogenesis and function accentuated fenofibrate’s
therapeutic effect in ameliorating fasting-refeeding-induced
liver damage (27) and deoxycorticosterone acetate-salt-
induced kidney injury (40).

The effect of fenofibrate in restoring peroxisomal fitness
could be attributed to PPARa activation. PPARa agonist,
such as WY-14643 and clofibrate, has been shown to increase
peroxisomal abundance and genes related to peroxisomal
FAO in the liver of WT mice, but not in mice with non-
functional, mutant PPARa (28). This notion was confirmed
by our results, showing that fenofibrate’s therapeutic effects
were absent in PPARa KO mice.

Although we cannot exclude the plausibility of metabolic
improvement from fenofibrate binding to PPARa in other
nonadipose tissue, several in vitro studies have suggested that
fenofibrate can directly attenuate adipose tissue inflammation
(17, 39). A further study with adipose tissue-specific PPARa
KO mice is important to elucidate the role of adipose tissue
PPARa in metabolic profile improvement by fenofibrate.
Meanwhile, our preliminary results (data not shown) and
previous studies have suggested that PPARd and PPARc are
also expressed and contribute in maintaining peroxisomal
biogenesis and function in the WAT (19, 36). All these PPAR
subtypes apparently coordinate both peroxisomal biogenesis
and integrative lipid metabolism. In this study, we showed
that maintaining peroxisomal fitness, partially by activating
PPARa through fenofibrate treatment, significantly contrib-
uted to attenuate HFD-induced adipocytes injury.

In summary, we have shown that decreased peroxi-
somal biogenesis and function are associated with obesity
progression. A positive feedback loop of downregulated

FIG. 6. Fenofibrate ameliorates adipocytes injury in WAT of HFD-fed WT mice. (A) F4/80 immunostaining and (B)
quantitative analysis of positive staining area. Original magnification: 100 · ; scale bar: 100 lm. (C) Relative mRNA levels
of adipokine and proinflammatory cytokines in WAT were analyzed. (D) Plasma and (E) WAT LPO levels were measured.
(F) Coimmunostaining of 8-oxo-dG, perilipin, and DAPI in WAT. Original magnification: 200 · ; scale bar: 100 lm. (A–F)
Values represent mean – SE of seven mice. *p < 0.05. Color images are available online.
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peroxisomal biogenesis and increased ROS/inflammatory
mediators may be responsible for exacerbating adipose dys-
function (Fig. 7). The temporal aspect of ROS, inflammation,
and peroxisomal downregulation has not been clearly shown
due to lack of sensitive methods to detect each parameter.
However, activation of peroxisomal biogenesis, partially
through PPARa activation, enhances peroxisomal FAO and
attenuates adiposity. Therefore, a further investigation on
peroxisomal biogenesis remains interesting to understand the
pathogenesis of obesity more meticulously and to establish a
more effective therapeutic strategy in obesity as well as other
metabolic disorders.

Materials and Methods

Chemicals and reagents

All chemicals were obtained from Sigma-Aldrich (St.
Louis, MO) unless otherwise stated.

Animals

Whole-body CKO (18) and PPARa KO (2) mice with
C57BL/6J background were generated as described previ-
ously. Eight-week-old male WT, CKO, and PPARa KO mice
were housed in a temperature-controlled room on a 12-h
light–dark cycle, 3–4 mice were conditioned in each cage.
Mice were fed with either ND (10% fat, saturated fat 22.7%
of fat, monounsaturated fat 29.9% of fat, polyunsaturated fat
47.4% of fat, and cholesterol 51.6 mg/kg; Research Diets,
Product No. D12450) or HFD (60% fat, saturated fat 32% of
fat, monounsaturated fat 35.9% of fat, polyunsaturated fat

32% of fat, and cholesterol 279.6 mg/kg; Research Diets,
Product No. D12492), along with tap water ad libitum for 12
weeks.

Fenofibrate (Sigma-Aldrich; Product No. F6020) 50 mg/
kg/day was administered orally along with the initiation of
HFD. The control ND and HFD groups were administered an
equal volume of 0.5% carboxymethyl cellulose by oral ga-
vage. C57BLKS/J-db/db and age-matched control C57BLKS/
J-m+/db mice ( Japan SLC, Inc., Hamamatsu, Japan) were
housed under the same condition as other experimental ani-
mals; these mice were fed with ND and sacrificed at 20 weeks
of age. All animal studies were approved by the Institutional
Animal Care and Use Committee of Ewha Womans Uni-
versity (No. 15-062).

Measurement of blood parameters

Blood glucose was measured with OneTouch Ultra gluc-
ometer (LifeScan, Milpitas, CA). To collect plasma samples,
blood was centrifuged at 4�C, 3000 rpm for 15 min. Fasting
plasma insulin level was measured with a commercial ELISA
kit (EMD Millipore Corporation, Billerica, MA; Product No.
EZRMI-13K) according to the manufacturer’s protocol.

Glucose tolerance test and insulin tolerance test

IPGTT was performed by injecting 1.0 g glucose/kg body
weight after 16-h fasting. One week later, IPITT was con-
ducted by injecting 0.75 U/kg body weight Humulin R (Eli
Lilly, Indianapolis, IN) after 6-h food deprivation. Blood
glucose was measured by OneTouch Ultra glucometer at

FIG. 7. Schematic illustration. A posi-
tive feedback loop of oxidative stress/
inflammation and peroxisome downregula-
tion exacerbates adipocyte dysfunction and
obesity progression. Fenofibrate, a peroxi-
some proliferator, significantly attenuates
adipocyte dysfunction in obese HFD-fed
mice. Color images are available online.
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0, 15, 30, 60, 90, and 120 min after glucose or insulin
administration.

3T3-L1 cell culture and differentiation

Murine 3T3-L1 preadipocytes were purchased from
American Type Culture Collection (Manassas, VA), and
maintained in Dulbecco’s Modified Eagle Medium (DMEM)
high glucose (Gibco, Grand Island, NY) supplemented with
10% bovine calf serum (Gibco), at 37�C in humidified 5%
CO2 in the air. Two days postconfluence (day 0), cells were
incubated in DMEM containing 10% fetal bovine serum
(FBS; Gibco), 1 lM dexamethasone (Sigma-Aldrich; Pro-
duct No. D-4902), 5 lg/mL insulin (Sigma-Aldrich; Product
No. I0516), and 0.5 mM isobutylmethylxanthione (Sigma-
Aldrich; Product No. I-7018). On day 2, medium was re-
placed with 10% FBS DMEM supplemented with 5 lg/mL
insulin. Starting on day 4, the medium was replaced with
fresh 10% FBS DMEM every 2 days. Mature adipocytes were
used for experiment.

Pex5 siRNA transfection in mature adipocytes

In brief, Pex5 siRNA were incubated with TransIT-X2
reagent (Mirus Bio, WI; Product No. MIR6000) in basal
media with serum and antibiotics, and allowed to form a
complex within 30 min at room temperature. The complex
was then added to cell suspension in each well. Silencing
efficiency with different doses, that is, 20, 50, 70, and 100 nM,
was confirmed by analyzing gene and protein expression.

Measurement of cellular C26:0-oxidation

Differentiated 3T3-L1 cells were plated in Cell-TakTM

coated XF24 polystyrene cell culture microplates (Seahorse
Bioscience, Agilent; Product No. 100777-004) at a density of
10,000 cells per well. After 24 h, cells were washed and
preincubated for 30 min in XF assay medium at 37�C. Oxy-
gen consumption rate was subsequently measured every
12 min using an XF24 extracellular flux analyzer (Seahorse
Bioscience, Agilent). For measurement of cellular hexa-
cosanoic acid (C26:0) oxidation capacity, control and
siPex5 adipocytes were incubated with 10 lM C26:0/ethanol-
containing assay medium 45 min before and during the
measurement. Oxygen consumption was normalized to pro-
tein concentration (pmol/min · lg protein).

Measurement of peroxisomal FAO

FAO was measured as previously described (22). Adipose
tissue homogenates (50 lL) were added to reaction buffer
containing 0.2 mM palmitate (14C-palmitate at 1.25 lCi/
mL; NEN Life Science, Boston, MA; Product No. NE-
C075H250UC). After 2 h incubation at 30�C, the reaction
was quenched by the addition of 50 lL of 4 N sulfuric acid.
CO2 produced during 2 h incubation was trapped with 200 lL
of 1 N sodium hydroxide. The trapped 14CO2 was then mea-
sured by liquid scintillation counting, and the rate of FAO
was normalized to protein content of each sample. Perox-
isomal FAO was measured in the presence of 100 lM anti-
mycin A and 12.5 lM rotenone, which are inhibitors of
mitochondrial oxidation.

Measurement of cellular ROS

For measuring intracellular ROS, differentiated 3T3-L1
adipocytes were incubated for 30 min at 37�C with 10 lM
5-(and 6)-chloromethyl-DCF-DA (Invitrogen, Eugene, OR;
Product No. C6827). After twice washing with prewarmed
phosphate-buffered saline, the fluorescence intensity was
detected by ZEISS Apotome.2 (Carl Zeiss, Thornwood, NY).

Measurement of IL-6 cell culture supernatant

Mature adipocytes were transfected with Pex5 or control
siRNA, and 72 h after transfection the supernatants were
collected and levels of secreted cytokines were analyzed
using mouse IL-6 Quantikine ELISA kit (R&D, Minneapolis,
MN; Product No. M6000B), according to the manufacturer’s
instructions.

Measurement of LPO

Plasma level of LPO was measured as thiobarbituric acid
reactive substances (16). In brief, plasma aliquots were mixed
with 8% sodium dodecyl sulfate (SDS) and a mixture con-
taining 0.8% 2-thiobarbituric acid and 20% acetic acid. This
solution was kept at 95�C for 60 min. After stopping the reac-
tion by cooling it down, the mixture was centrifuged at
4000 rpm for 5 min to precipitate interfering particulate mate-
rials. The amount of LPO in the plasma was measured by
spectrofluorometry. Meanwhile, LPO level in WAT was mea-
sured using LPO assay kit (Cayman Chemical, Ann Arbor, MI;
Product No. 705003) according to the manufacturer’s protocol.

Histology and immunohistochemical staining

Adipose tissues were fixed with 4% formalin, dehydrated,
and embedded in paraffin for histological studies. Five-
micrometer epididymal fat sections from mice were stained
with H&E, and adipocyte size was quantified as described
previously (34). Immunohistochemical staining was perfor-
med using immunoperoxidase procedures from a commer-
cially available kit (Dako, Glostrup, Denmark). The adipose
tissue sections were deparaffinized, and endogenous peroxi-
dase was blocked with peroxidase solution (Dako; Product
No. S2023) for 30 min. Then, sections were incubated with
serum-free blocking solution (Dako; Product No. X0909)
before overnight incubation with the primary antibodies; that
is, anti-F4/80 (1:200; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA; Product No. sc-71088), antinitrotyrosine (1:200,
Product No. sc-32758; Santa Cruz), or anti-4-HNE (1:200,
Product No. MHN-100P; JaICA, Fukuroi, Japan) at 4�C.
Sections were then incubated with secondary antibodies
and exposed to 3,3¢-diaminobenzidine (Dako; Product No.
K3468) for 1 min. Images were captured with a Zeiss mi-
croscope (Carl Zeiss).

Immunofluorescence staining

After deparaffinization and rehydration, tissue sections
were incubated with retrieval solution and heated in a mi-
crowave to recover antigenicity. Nonspecific binding was
blocked with serum-free blocking solution for 30 min at
room temperature. Adipose tissue sections were then incu-
bated with anti-8-oxo-dG (1:200, Product No. 4353-MC-050;
Trevigen, Gaithersburg, MD) or anti-Abcd3 (1:200, Product
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No. ab85550; Abcam, Cambridge, MA) overnight at 4�C.
Tissue sections were incubated for 1 h with Alexa 488-
conjugated goat antimouse (1:1000, Product No. A11018;
Invitrogen) or Alexa 568-conjugated goat antirabbit (1:1000,
Product No. A11070; Invitrogen) antibody. Cell nuclei
were detected with 4¢,6-diamidino-2-phenylindole (1:1000,
Product No. 62248; Thermo Fisher Scientific, Waltham,
MA). Images were captured by ZEISS Apotome.2 (Carl
Zeiss). The number of peroxisomes per cell was quantified by
counting the number of Abcd3 positive organelles per cell,
using ImageJ software.

Quantitative polymerase chain reaction

mRNA level was measured by real-time quantitative
polymerase chain reaction using a SYBR Green PCR Master
Mix kit (Applied Biosystems, Foster City, CA; Product No.
4367659) with a SteponeTM real-time PCR system (Applied
Biosystems). Relative quantification of each gene was
calculated after normalization to 18S rRNA. The primer se-
quences are listed in Supplementary Table S1.

Immunoblotting analysis

Adipose tissues were lysed and centrifuged at 13,000 rpm,
4�C for 15 min. Protein concentration was measured
with Bradford methods (Bio-Rad Laboratories, Hercules,
CA; Product No. 500-0006). Aliquots of tissue homogenates
were mixed with sample buffer containing SDS and b-
mercaptoethanol, and were heated at 95�C for 6 min. Samples
were then applied to a SDS-polyacrylamide gel electropho-
resis gel and separated by electrophoresis. Protein was
transferred onto a polyvinylidene fluoride membrane (GE
Healthcare BioSciences Co., Piscataway, NJ; Product No.
BSP0161) in a transblot chamber with Tris buffer.

Membrane was subsequently blocked for 1 h at room
temperature with 5% skim milk in TBS-Tween 20 buffer,
followed by an overnight incubation at 4�C in a 1:1000 di-
lution of the indicated primary antibodies: anti-Abcd3
(1:1000, Product No. ab85550; Abcam), anti-Acox1 (1:1000,
Product No. sc-98499; Santa Cruz), anticatalase (1:1000,
Product No. sc-50508; Santa Cruz), anti-Pex5 (1:2000, Pro-
duct No. sc-137135; Santa Cruz), anti-Pex11a (1:2000,
Product No. ab104959; Abcam), anti-Pex14 (1:1000, Product
No. sc-23197; Santa Cruz), anti-Pex16 (1:1000, Product No.
14816-1-AP; Proteintech Group, Rosemont, IL), anti-
GAPDH (1:2000, Product No. 2118; Cell Signaling), and
anti-b-actin (1:2000, Product No. A5326; Sigma-Aldrich).

Membrane was then washed and incubated with peroxidase-
conjugated secondary antibody for 1 h at room temperature.
After repeated washing, band was developed with an en-
hanced chemiluminescence detection reagent (GE Health-
care BioSciences Co.; Product No.RPN2235) according to
the manufacturer’s instructions. Positive immunoreactive
bands were quantified with densitometer (LAS-3000; FUJI-
FILM Corporation, Tokyo, Japan), and were normalized with
either GAPDH or b-actin for further statistical analysis.
Uncropped images are shown in Supplementary Figure S10.

Statistical analysis

All results are expressed as means – standard error. Using
Statview 5.0 software, results were analyzed by one-way

analysis of variance among multiple groups. The level of
statistical significance was set at a p-value <0.05.
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Abbreviations Used

4-HNE¼ 4-hydroxynonenal
8-oxo-dG¼ 8-hydroxydeoxyguanosine

Abcd¼ATP-binding cassette subfamily D
Acot4¼ acyl-CoA thioesterase 4
Acox1¼ acyl-CoA oxidase 1

CKO¼ catalase knock out
DAPI¼ 4¢,6-diamidino-2-phenylindole

DCF-DA¼ 2¢,7¢–dichlorofluorescein diacetate
FAO¼ fatty acid oxidation
FBS¼ fetal bovine serum

H&E¼ hematoxylin and eosin
H2O2¼ hydrogen peroxide
HFD¼ high-fat diet

IL¼ interleukin
IPGTT¼ intraperitoneal glucose tolerance test
IPITT¼ intraperitoneal insulin tolerance test

KO¼ knock out
LPO¼ lipid peroxides

MCP-1¼monocyte chemoattractant protein-1
NAC¼N-acetyl-cysteine

ND¼ normal diet
Pex¼ peroxisomal biogenesis factor

PPARa¼ peroxisomal proliferator-activated
receptor alpha

ROS¼ reactive oxygen species
SDS¼ sodium dodecyl sulfate

SE¼ standard error
TNF-a¼ tumor necrosis factor-a

VLCFA¼ very long-chain fatty acid
WAT¼white adipose tissue

WT¼wild-type

PEROXISOME AND ADIPOCYTE REDOX HOMEOSTASIS 1351


