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Abstract

Peroxisomes play a central role in lipid metabolism. We previously demonstrated

that Pex11a deficiency impairs peroxisome abundance and fatty acid β‐oxidation
and results in hepatic triglyceride accumulation. The role of Pex11a in dyslipidaemia

and obesity is investigated here with Pex11a knockout mice (Pex11a−/−). Metabolic

phenotypes including tissue weight, glucose tolerance, insulin sensitivity, cholesterol

levels, fatty acid profile, oxygen consumption, physical activity were assessed in

wild‐type (WT) and Pex11a−/− fed with a high‐fat diet. Molecular changes and per-

oxisome abundance in adipose tissue were evaluated through qRT‐PCR, Western

blotting, and Immunofluorescence. Pex11a−/− showed increased fat mass, decreased

skeletal muscle, higher cholesterol levels, and more severely impaired glucose and

insulin tolerance. Pex11a−/− consumed less oxygen, indicating a decrease in fatty

acid oxidation, which is consistent with the accumulation of very long‐ and long‐
chain fatty acids. Adipose palmitic acid (C16:0) levels were elevated in Pex11a−/−,

which may be because of dramatically increased fatty acid synthase mRNA and pro-

tein levels. Furthermore, Pex11a deficiency increased ventricle size and macrophage

infiltration, which are related to the reduced physical activity. These data demon-

strate that Pex11a deficiency impairs physical activity and energy expenditure,

decreases fatty acid β‐oxidation, increases de novo lipogenesis and results in

dyslipidaemia and obesity.
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1 | INTRODUCTION

Obesity is a significant risk factor for many life‐threatening diseases,

such as type II diabetes, hypertension, cardiovascular and cere-

brovascular disease, and its global impact on health is enormous.1

Obesity can begin as a simple overstorage of unmetabolized energy

in the adipose tissue of individuals whose caloric intake exceeds the

energy combustion capability of peroxisome proliferator‐activated
receptor‐(PPAR)‐mediated fatty acid oxidation systems.2 Further-

more, adipogenesis is driven by the activation of a cascade of genes,

especially PPARγ.3,4

Peroxisomes are single‐membrane‐bound organelles present in

all mammalian cells, initially identified in kidney and liver cells.5,6

They participate in lipid metabolism and are indispensable for the
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degradation of carboxylates via alpha and beta‐oxidation, formation

of conjugated bile acids from cholesterol and synthesis of certain

polyunsaturated fatty acids and ether lipids, as well as H2O2

metabolism.7-9 Peroxisomes are highly versatile and dynamic orga-

nelles whose size, shape, number, and protein content vary

according to the cell type, metabolic requirements and extracellular

stimuli.7,10,11

Currently, two types of peroxisome biogenesis have been consid-

ered. Some studies propose that peroxisomes can form de novo

from the endoplasmic reticulum via a maturation process.12,13 Other

studies have demonstrated that peroxisomes can also multiply

through growth and division.14-16 Peroxisome proliferation can be

divided into at least three distinct steps in mammalian cells, including

elongation, segregation and constriction of the peroxisomal mem-

brane, and division. The Pex11a gene is one of Pex11 gene family

members involved in peroxisome elongation.14,16,17 We previously

demonstrated that Pex11a knock out (Pex11a−/−) mice exhibit

decreased peroxisome abundance and fatty acid β‐oxidation in the

liver, accelerated bodyweight gain and hepatic triglyceride accumula-

tion.17 However, whether Pex11a deficiency affects peroxisome

abundance and lipid metabolism in adipose tissue is unclear.

In adipocytes, peroxisomes tend to be small in size and local-

ized in the vicinity of lipid droplets. A large increase in peroxi-

some number was observed during the differentiation of 3T3‐L1
adipocytes.18 Several studies indicate that peroxisome metabolism

is critical for normal adipose function.19,20 Pex7‐deficient mice

exhibited impaired peroxisome biogenesis, lacked plasmalogens,

and had severely reduced adiposity.20 However, a recent study

showed that knockdown of Pex16 reduced peroxisome number

and peroxisomal fatty acid oxidation, thereby causing accumulation

of very long‐ and long‐chain fatty acids in 3T3‐L1 cells.21 Further-

more, mice specifically lacking Pex5 in adipose tissue showed an

increase in fat mass as a result of reduced lipolysis.19 The expres-

sion of Pex genes involved in peroxisomal biogenesis is signifi-

cantly increased during differentiation of brown adipocytes in

culture and in brown adipose tissue (BAT) in mice exposed to cold

temperatures in a manner dependent on PPARγ coactivator‐1α.22

These studies demonstrate that peroxisome biogenesis is important

in lipid metabolism of adipose tissue. In the present study, we

used Pex11a−/− mice to investigate the role of Pex11a in lipid

metabolism and obesity. Understanding of the molecular and phys-

iological functions of Pex11 gene and etiology of dyslipidaemia

and obesity, will facilitate the development of therapeutic strate-

gies of targeting Pex11a for dyslipidaemia and obesity.

2 | MATERIAL AND METHODS

2.1 | Animal studies and diets

Pex11a−/− mice were generated as described previously 17 and

gifted from Laboratory Animal Resource Bank of the National Insti-

tutes of Biomedical Innovation, Health and Nutrition (Osaka, Japan).

Heterozygous mice were intercrossed to produce homozygous

Pex11a−/− mice. These homozygous Pex11a−/− mice were back-

crossed with C57BL mice [wild‐type (WT) mice purchased from the

Experimental Animal Center of Beijing University of Medical Science

(Beijing, China) and allowed to acclimate for 2 weeks] five times

prior to the generation of Pex11a−/− mice. Their offspring (Pex11a−/

− and WT mice) were bred in the same temperature‐controlled
pathogen‐free room with lights on from 07:00 to 19:00 (daytime)

and were used in the present experiment. The experimental proto-

cols were approved by the Wenzhou Medical University Committee

for Laboratory Animals, and all animal treatment protocols were con-

sistent with the National Institutes of Health Guide for the Care and

Use of Laboratory Animals. Mice were allowed ad libitum access to

food and water. The effects of a chow diet consisting of 24.9% pro-

tein, 4.6% fat (calorie ratio 12%) and 51.4% carbohydrate (wt/wt)

were compared with those of a high‐fat diet (HFD) consisting of

23% protein, 35% fat (calorie ratio 62.2%) and 25.3% carbohydrate.

Male mice fed a chow diet were scarified at the age of 20 weeks;

male mice fed an HFD for 8 weeks were scarified at the age of

14 weeks.

Whole‐body energy metabolism was evaluated using a Lab Ani-

mal Monitoring System (CLAMS, Columbus Instruments, Columbus,

OH, USA). Mice were acclimated to the metabolic chambers for

2 days before the beginning the experiment to minimize stress from

the housing change. O2 consumption, food intake and movement

indices were collected every 15 minutes for each mouse.

To assess glucose tolerance, mice were fasted overnight

(16 hours). After their fasting glucose levels were measured, mice

were injected intraperitoneally with glucose (2.5 g/kg bodyweight).

Next, blood glucose levels were measured at 15, 30, 60, 90, 120 and

180 minutes after injection. Blood glucose was measured by using a

blood glucose monitoring system (Nipro, Osaka, Japan) according to

the manufacturer's instructions. For the insulin tolerance test, 6‐hour
fasted mice were injected intraperitoneally with insulin (0.75 mU/g

bodyweight), and blood glucose levels were measured as described

above.

The ventricles of the 20‐week‐old male WT mice and Pex11a−/−

mice fed a chow diet were determined by 7T magnetic resonance

imaging and then scarified (MRI; Bruker, Germany). Motor function

was examined using the classic rotarod test. The accelerated rotarod

is electronically controlled and started by manual switches (Ugo

Basile, Varese, Italy). It consists of five plastic rods with a knurled

surface for the mice to grip and flanges on both sides to confine the

mouse on its own rod. Mice were placed on the rod in such a way

that they were allowed to walk forward. Mice were trained to adapt

to the apparatus at the speed of 25 rpm for 3 days before formal

testing. After starting the apparatus, the time at which the individual

mouse fell off were recorded.

Under fasting conditions, WT mice and Pex11a−/− mice were

deprived of food but provided water ad libitum for 24 hours starting

at the beginning of the light cycle (7 AM). At the termination of the

experiments, mice were subsequently euthanized under sodium pen-

tobarbital anaesthesia. Blood was collected from the abdominal vein

and centrifuged for 10 minutes to collect serum. Serum was kept at
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−80°C. BAT, epididymal white adipose tissue (eWAT) and liver were

removed and kept at −80°C.

2.2 | Metabolite assays

Serum total cholesterol, very low‐density lipoprotein cholesterol

(VLDL‐C), low‐density lipoprotein cholesterol (LDL‐C), high‐density
lipoprotein cholesterol (HDL‐C) and insulin levels were measured

with a Cholesterol Quantitation Kit, a VLDL‐C Quantitation Kit, an

LDL‐C Quantitation Kit, an HDL‐C Quantitation Kit and an insulin

ELISA Kit (Nanjing Jiancheng Bioengineering Institute; Nanjing,

China), respectively. For all of the assays, the samples were run in

duplicate, and the results were averaged.

For the fatty acid profile, 40 ± 1 mg of frozen liver or eWAT

was homogenized in 500 μL of methanol in an ice bath by using a

TissueLyser (JX‐24, Jingxin, Shanghai, China) with zirconia beads for

3 minutes at 30 Hz. After centrifugation at 14 000× g and 4°C for

15 minutes, supernatants were collected. Volumes of 80 μL of liver

supernatant, 50 μL of eWAT supernatant or 10 μL of serum were

combined with 10 μL of 250 μg/mL nonadecanoic acid, and the

mixtures were methylated in PTFE screw‐capped glass vials with

1 mL of 10% methanolic acetyl chloride and 250 μL of n‐hexane at

room temperature overnight. Then, 5 mL of 6% potassium carbon-

ate solution was added to each vial. The hexane extraction

(150 μL) was collected, and anhydrous sodium sulphate (20 mg)

was used to remove traces of water prior to performing GC‐MS

analysis. A reference material, 37 Component FAME Mix standard

solution, was diluted from 20 μg/mL to 0.001–10 μg/mL. Then,

40 μL of the diluted standard solution and 40 μL of 20 μg/mL non-

adecanoic acid were combined prior to performing GC‐MS analysis.

Instrumental analysis was performed on an Agilent 7890A gas chro-

matography system coupled to an Agilent 5975C inert MSD system

(Agilent Technologies Inc., Palo Alto, CA, USA). A TRACE TR‐FAME

fused‐silica capillary column (10 m × 0.1 mm × 0.2 μm; Thermo

Fisher Scientific, Waltham, MA, USA) was utilized to separate the

derivatives. Helium (>99.999%) was used as a carrier gas at a con-

stant flow rate of 0.35 mL/min through the column. The solvent

delay time was 1.5 minutes. The initial oven temperature was held

at 40°C for 1 minute, ramped to 150°C at a rate of 80°C/min,

ramped to 240°C at a rate of 8°C/min and finally held at 240°C

for 1 minute. The temperatures of the injector, transfer line, and

electron impact ion source were set to 220°C, 250°C and 230°C,

respectively. The impact energy was 70 eV, and data were col-

lected in a SIM mode (m/z 50‐550).

2.3 | Real‐time PCR analysis

Total RNA was isolated using the TRIzol method (Invitrogen, Carls-

bad, CA, USA) according to the manufacturer's instructions. For real‐
time PCR analysis, cDNA obtained by reverse transcription was

amplified using the appropriate primers, and mRNA expression levels

were determined by real‐time RT‐PCR using a commercial kit

(Applied Biosystems, Foster City, CA, USA). The primer sequences

used are shown in Table S1. All samples were analysed in triplicate

multiplex reactions, which measured both the gene of interest and

glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) as an internal

control.

2.4 | Western blotting

For peroxisome membrane protein 70 (PMP70) and fatty acid syn-

thase (FAS) immunoblotting, 100 mg of BAT was homogenized in

RIPA buffer (0.5% NP‐40, 0.1% sodium deoxycholate, 150 mmol L−1

NaCl, 50 mmol L−1 Tris‐Cl, pH 7.5). After centrifugation at 15 000×

g for 10 minutes at 4°C, the supernatant was collected and kept at

−80°C. Lysates were resolved by SDS‐PAGE, transferred to PVDF

membrane (Milipore, Billerica, MA, USA), and probed with anti‐
PMP70 (Abcam, Cambridge, UK), anti‐FAS (Cell Signaling Technol-

ogy, Danvers, MA, USA) and anti‐β‐actin (Santa Cruz Biotechnology,

Santa Cruz, CA, USA).

2.5 | Histological analysis

Immunofluorescence and peroxisome abundance detection were per-

formed as described previously.17 BAT was fixed in 4%

paraformaldehyde overnight and rinsed with phosphate‐buffered sal-

ine. The sections were incubated with rabbit anti‐PMP70 (Abcam)

primary antibodies overnight at 4°C, followed by Alexa Fluor 488‐
conjugated goat anti‐rabbit secondary antibodies (Abcam) for

60 minutes at room temperature. Fluorescence images were

acquired using a confocal laser‐scanning microscope (Leica, Wetzlar,

Germany).

Immunohistochemical staining was performed as described previ-

ously.26 Deparaffinized brain sections were heated for 20 minutes at

121°C in 10 mmol L−1 citric acid solution for antigen retrieval and

then incubated with antibody against F4/80 (Santa Cruz Biotechnol-

ogy). The primary antibody was detected using the a Histofine Sim-

ple Stain MAX‐PO (mouse) kit (Nichirei, Tokyo, Japan) and

peroxidase stain DAB kit (Nacalai Tesque, Kyoto, Japan).

2.6 | Statistical analysis

Results are expressed as the mean ± SD. The data were analysed

using one‐way analysis of variance (ANOVA) and a 2‐tailed Student's

t‐test. P values <0.05 were considered indicative of statistically sig-

nificant differences.

3 | RESULTS

3.1 | Pex11a deficiency results in adiposity,
dyslipidaemia and loss of glycemic control

Pex11a has been reported to have a tissue specific expression,23,24

and the relative Pex11a mRNA levels are expressed prominently in

the adipose tissue, liver, kidney, heart, gastrocnemius and brain (data

not shown). Our previous studies showed that Pex11a play an
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important role in the etiological process of liver and kidney and the

bodyweights of Pex11a−/− mice were significantly higher than those

of WT mice irrespective of a chow diet or HFD.17,25 In present

study, increased ratios of eWAT and liver weights to bodyweight

(Figure 1A and C) but decreased ratios of muscle mass (gastrocne-

mius, soleus, tibialis anterior) to bodyweight in Pex11a−/− mice were

observed. On an HFD, there were increased ratio of BAT (scapular)

and inguinal WAT to bodyweight but decreased ratios of kidney and

heart weights to bodyweight in Pex11a−/− mice (Figure 1C). These

results indicate that increased bodyweights of Pex11a−/− mice may

be because of increased adipose tissue mass. Histological analysis of

eWAT and BAT indicated that the expansion of eWAT and BAT was

associated with an enlargement of adipocytes (Figure 1B and D).

Although there were no differences in serum triglyceride

between the genotypes at our previous study,17 serum total choles-

terol, LDL, and HDL levels in Pex11a−/− mice were significantly ele-

vated on a chow diet or HFD (Figure 2). The hepatic total

cholesterol levels in Pex11a−/− mice were significantly higher than

those in WT mice on a chow diet but not on an HFD (Figure 2B).

As in our previous studies, on a chow diet, there were no differ-

ences in blood glucose levels and glucose tolerance between WT

and Pex11a−/− mice.17 However, feeding an HFD elicited a pheno-

typic difference. The levels of fasting glucose and haemoglobin A1c

in Pex11a−/− mice were higher than those in WT mice (Figure 2F

and H). Pex11a−/− mice had significantly worse glucose tolerance

compared with WT mice, which is accompanied with higher serum

insulin levels (Figure 2F and I). The insulin tolerance test showed

that Pex11a−/− mice have lower sensitivity to insulin than WT mice

(Figure 2G).

3.2 | Pex11a deficiency alters the fatty acid profile

Stored energy in adipose tissue is released and oxidized for sur-

vival during starvation. The mice were fasted for 24 hours. The

results showed that the change in bodyweight in WT mice was

greater than that in Pex11a−/− mice (Figure 2J), indicating that

fatty acid oxidation may be impaired in Pex11a−/− mice. Peroxi-

somes play an important role in β‐oxidation of fatty acids, espe-

cially very long‐chain fatty acids. To evaluate the effect of Pex11a

deficiency on fatty acid β‐oxidation, fatty acid profiling was per-

formed. GC‐MS analysis showed that serum levels of very long‐
and long‐chain saturated fatty acids (C16:0‐C24:0) in Pex11a−/−

mice were significantly higher than those in WT mice on a chow

diet or HFD, especially levels of palmitic acid (C16:0) and stearic

acid (C18:0) (Figure 3A and C). Monounsaturated fatty acid levels

in Pex11a−/− mice were significantly higher than in WT mice on

F IGURE 1 Pex11a deficiency increases
adiposity. Tissue weights of WT and
Pex11a−/− mice fed with (A) a chow diet
or (C) a high‐fat diet (HFD) for 8 weeks
(Values are mean ± SD, n = 6 per group,
*P < 0.05, **P < 0.01 vs WT). H&E
staining of epididymal white adipose tissue
(eWAT) and brown adipose tissue (BAT) of
WT and Pex11a−/− mice fed with a chow
diet (B) or an HFD for 8 weeks (D). Scale
bar, 100 μM; TW, tissue weight (mg); BW,
bodyweight (g); iWAT, inguinal white
adipose tissue; GA, gastrocnemius; EDL,
extensor digitorum longus
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an HFD but not a chow diet (Figure 3B and D). Whether under

chow diet or HFD conditions, polyunsaturated fatty acid levels in

Pex11a−/− mice were higher than those in WT mice. An HFD

lowered palmitic acid levels (WT 421.98 ± 23.48 μg/mL vs

Pex11a−/− 584.00 ± 100.18 μg/mL to 207.60 ± 33.35 μg/mL vs

279.26 ± 8.07 μg/mL) but increased cis‐5,8,11,14‐eicosatetraenoic
acid levels (C20:4).

We also measured the fatty acid profile in eWAT. On an HFD,

palmitic acid levels in Pex11a−/− mice were significantly higher than

those in WT mice (Figure 4A). However, cis‐5,8,11,14‐ eicosate-

traenoic acid and palmitoleic acid (C16:1) levels in Pex11a−/− mice

were significantly lower than those in WT mice. The fatty acid pro-

file in the liver showed that there were no differences in palmitic

acid levels between WT and Pex11a−/− mice. However,

F IGURE 2 Pex11a deficiency results in
dyslipidaemia and loss of glycemic control.
Serum (A) and hepatic (B) cholesterol levels
were measured in WT and Pex11a−/− mice
fed with a chow diet (CD) or a high‐fat
diet (HFD) for 8 weeks. Very low‐density
lipoprotein (VLDL, C), low‐density
lipoprotein (LDL, D) and high‐density
lipoprotein (HDL, E) levels in sera were
measured. n = 8 per group. (F) Glucose
tolerance test (IPGTT) and area under
curve (AUC) of GTT. Blood glucose levels
were measured in 8‐week high‐fat diet‐fed
WT and Pex11a−/− mice after an overnight
fast and at the indicated times after an
intraperitoneal injection of glucose. n = 8
per group. (G) Insulin tolerance test (ITT)
and AUC of ITT. Blood glucose levels were
measured after a 6‐h fast and at the
indicated times after an intraperitoneal
injection of insulin in mice fed with an
HFD for 8 weeks. n = 8 per group. Serum
haemoglobin A1c (HbA1c; H) and insulin (I)
levels were measured in mice fed with an
HFD for 8 weeks. n = 8 per group. (J)
Bodyweight change (%). WT and Pex11a−/
− mice fed with a chow diet were fasted
for 24‐h. % change from baseline is shown.
n = 8 per group. Values are mean ± SD,
*P < 0.05, **P < 0.01 vs WT
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monounsaturated fatty acid levels in Pex11a−/− mice were signifi-

cantly higher than those in WT mice, especially palmitoleic acid

(C16:1) and oleic acid (C18:1) (Figure 4B and C). However, hepatic

polyunsaturated fatty acid levels in Pex11a−/− mice were lower than

those in WT mice.

These results indicate that Pex11a deficiency results in accumu-

lation of very long‐ and long‐chain fatty acids in serum.

3.3 | Pex11a deficiency impairs energy expenditure

To evaluate the adiposity of Pex11a−/− mice, we measured food

intake and energy expenditure. On a chow diet, there were no dif-

ferences in cumulative ad libitum food intake between the

genotypes. However, on an HFD, increased food intake was

observed in Pex11a−/− mice (Figure 5C and D).

As mentioned above, Pex11a deficiency impairs fatty acid β‐oxi-
dation, and the process of fatty acid β‐oxidation needs oxygen con-

sumption; therefore, the effect of Pex11a deficiency on oxygen

consumption in mice was evaluated. On a chow diet, Pex11a−/−

mice had decreased oxygen consumption compared to WT mice,

especially during the night (Figure 5E and F). At the initial stage of

HFD load, oxygen consumption was significantly increased in WT

mice but not in Pex11a−/− mice (Figure 5G). After 8 weeks of HFD,

whether during the night or day, the levels of oxygen consumption

in Pex11a−/− mice were significantly lower than those in WT mice

(Figure 5H and I). These results indicate that the Pex11a deficiency

F IGURE 3 Pex11a deficiency alters the
serum fatty acid profile. Serum fatty acid
profiles in WT and Pex11a−/− mice fed
with a chow diet (A and B) or a high fat
diet (HFD; C and D) for 8 weeks were
determined by GC‐MS. Relative signal
intensities were normalized to an internal
standard (C19:0). B and D: Sum
concentration of fatty acids by degree of
saturation. SFA, saturated fatty acids;
MUSFA, monounsaturated fatty acids;
PUSFA, polyunsaturated fatty acids. Values
are mean ± SD, n = 4 per group,
*P < 0.05, **P < 0.01 vs WT
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impairs oxygen consumption, may be because of decreased fatty

acid β‐oxidation.

3.4 | Pex11a deficiency impairs physical activity

Whether during the night or day, on a chow diet, physical activity in

Pex11a−/− mice was significantly lower than that in WT mice, espe-

cially during the shift from night to day (Figure 6A and B). Further-

more, their motor function was examined using the classic rotarod

test. The average rotarod running time of Pex11a−/− mice was signifi-

cantly shorter than that of WT mice (Figure 6C). HFD decreased phys-

ical activity in both the genotypes, especially in Pex11a−/− mice. On

an HFD, Pex11a−/− mice had lower physical activity than WT mice,

especially during the night (Figure 6D and E). These results indicate

that Pex11a deficiency impairs physical activity, which is consistent

with the decreased muscle mass (gastrocnemius, soleus and tibialis

anterior) in Pex11a−/− mice.

3.5 | Pex11a deficiency results in larger lateral
ventricle and increased macrophage infiltration

The observation of decreased physical activity and motor coordination

prompted us to test the hypothesis that Pex11a deficiency may affect

the formation and/or function of the central nervous system in mice.

MRI showed that the lateral ventricles of Pex11a−/− mice were signifi-

cantly larger than those of WT mice (Figure 6F and G), which is consis-

tent with haematoxylin‐eosin staining (Figure 6H). However, there were

no significant differences in the third ventricle. Furthermore, increased

macrophage infiltration in the corpus callosum of Pex11a−/− mice was

observed compared to that of WT mice (Figure 6H).

F IGURE 4 Pex11a deficiency alters
fatty acid profiles of white adipose tissue
(WAT) and liver. Fatty acid profiles of
WAT (A) and liver (B) of WT and Pex11a−/
− mice fed with a high‐fat diet for 8 weeks
were determined by GC‐MS. Relative
signal intensities were normalized to an
internal standard (C19:0) and expressed as
percentage of total fatty acids. (C) Sum
percentage of fatty acids by degree of
saturation in the liver. SFA, saturated fatty
acids; MUSFA, monounsaturated fatty
acids; PUSFA, polyunsaturated fatty acids.
Values are mean ± SD, n = 4 per group,
*P < 0.05, **P < 0.01 vs WT
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F IGURE 5 Pex11a deficiency increases food intake and decreases O2 consumption. Food intake was measured for 48 h in individually
housed WT and Pex11a−/− mice fed with a chow diet (A: Cumulative 48 h; the black lines and the grey lines indicate night and day,
respectively. B: Daily food intake) or a high‐fat diet (HFD) for 8 weeks (C: Cumulative 48 h; the black lines and the grey lines indicate
night and day, respectively. D: Daily food intake). O2 consumption (VO2) was measured for 48 h in mice fed with a chow diet (E:
Continuous 48 h; the black lines and the grey lines indicate night and day, respectively. F: Night/day phase), a shift from chow diet to
HFD (G: O2 consumption indices were collected in mice fed with a chow diet for 24 h and then fed an HFD for 24 h), and an HFD for
8 weeks (H: Continuous 48 h; the black lines and the grey lines indicate night and day, respectively. I: Night/day phase) using a Lab
Animal Monitoring System. O2 consumption is reported as mL/kg (bodyweight)/h. Values are mean ± SD, n = 5 per group, *P < 0.05,
**P < 0.01 vs WT
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3.6 | Pex11a deficiency decreases peroxisome
abundance in BAT

Fatty acid β‐oxidation may be related to peroxisome abundance.17,25

Thus, the peroxisome abundance in BAT was measured. PMP70,

localized in the membrane of peroxisomes, was used to identify the

peroxisomes. Immunofluorescence staining showed that the number

of peroxisomes in BAT of Pex11a−/− mice was lower than that in

WT mice (Figure 7A). In agreement with these results, immunoblot-

ting showed lower PMP70 protein levels in BAT of Pex11a−/− mice

than in BAT of WT mice (Figure 7B). These results indicate that

Pex11a deficiency results in decreased peroxisome abundance,

demonstrating decreased fatty acid oxidation.

3.7 | Pex11a deficiency increases de novo fatty
acid synthesis in BAT

FAS catalyses the first committed step in de novo lipogenesis, which has

been implicated in obesity and insulin resistance.26-28 As shown in Fig-

ure 7C, on a chow diet, FAS mRNA levels in BAT of Pex11a−/− mice

were significantly higher than those in BAT of WT mice by approxi-

mately 10‐fold. PPARα and PPARγ mRNA expression levels of Pex11a−/

− mice were significantly higher than those of WT mice. Although there

were no differences in FAS mRNA levels between the genotypes on an

HFD, immunoblotting showed higher FAS protein levels in BAT in

Pex11a−/− mice on a chow diet or HFD (Figure 7E). On an HFD, PPARα

mRNA levels of Pex11a−/− mice were significantly lower than those of

WT mice (Figure 7D). However, under the chow‐fed or starved condi-

tions, there was no difference in hepatic FAS mRNA levels between the

genotypes (Figure S1). These results indicate that Pex11a deficiency

increases de novo lipogenesis in BAT but not in liver.

4 | DISCUSSION

This study demonstrates for the first time that Pex11a deficiency is

involved in ventricular dilation, which would decrease physical activ-

ity and exhibit decreased energy expenditure. Furthermore, Pex11a

deficiency decreases peroxisome abundance and fatty acid β‐oxida-
tion, and increases de novo lipogenesis in BAT, which results in

accumulation of very long‐ and long‐chain fatty acids, especially in

sera, and then contributes to dyslipidaemia and obesity. Our hypoth-

esis is shown in Figure 7F.

Peroxisome biogenesis is critical for lipid metabolism and adipo-

cyte development and function.5,21 Previous studies showed that

Pex7 deficiency tended to decrease adiposity, but Pex5 had an

adverse effect, showed dysfunctional peroxisomes in adipocytes and

increased fat mass.19,20 A recent study showed that Pex16‐mediated

peroxisome biogenesis in adipocytes is a target of the adipogenesis

regulator‐PPARγ, and silencing Pex16 reduced peroxisome number

and fatty acid oxidation, thereby causing accumulation of very long‐
and long‐chain fatty acids and triglyceride. Our results support these

studies, as Pex11a−/− mice have a reduced number of peroxisomes

in BAT, which may be related to impaired fatty acid β‐oxidation,17,25

accumulation of very long‐ and long‐chain fatty acids and increased

fat mass. The process of fatty acid β‐oxidation in peroxisomes needs

a large amount of oxygen. Therefore, decreased oxygen consumption

in Pex11a −/− mice (Figure 5E‐5I) at least partially verifies impaired

fatty acid β‐oxidation.
Our data also suggest that increased fat mass and dyslipidaemia

may result from a marked increase in de novo lipogenesis‐related
genes, especially FAS mRNA levels increased by 10‐fold. Although
there are no differences in FAS mRNA levels between the genotypes

under a HFD condition, immunoblotting showed that the protein

levels of FAS in Pex11a−/− mice were significantly higher than those in

WT mice. FAS catalyses the first committed step in de novo synthesis

of fatty acids that can be used for energy storage. After priming with

acetyl coenzyme A, FAS uses malonyl‐CoA as a 2‐carbon source and

NADPH as a cofactor to synthesize palmitate, a 16‐carbon saturated

fatty acid. Our GC‐MS results demonstrate this and showed that

Pex11a−/− mice have significantly higher levels of palmitic acid in sera

and adipose tissue. However, there are no differences in hepatic levels

of FAS and palmitic acid between the genotypes, which indicate that

higher levels of palmitic acid may not be derived from liver. Although

the mechanism how Pex11a deficiency regulates FAS needs to be fur-

ther studied, Pex11a deficiency indeed results in increased de novo

lipogenesis and contributes to dyslipidaemia.

The pathology in the disorder of peroxisome biogenesis or

assembly is known as peroxisome biogenesis disorders (PBDs). Zell-

weger spectrum is one type of PBD and, at present, has been

described in patients 29 with mutations in 13 different peroxin genes

(PEX1, PEX2, PEX3, PEX5, PEX6, PEX10, PEX11b, PEX12, PEX13,

PEX14, PEX16, PEX19, PEX26). In patients with Zellweger spectrum,

the most prominent feature is a malformation of the cortex in the

brain, which results in neuronal migration defects. The phenotype of

mice with Pex2, Pex5 and Pex13 deficiencies resembles the features

of human Zellweger syndrome, showing severe hypotonia and cere-

bral and cerebellar malformation.30-32 Pex11b deficiency in mice

results in several pathological features shared by Zellweger syn-

drome, including neuronal migration defects, enhanced neuronal

apoptosis, developmental delay, hypotonia and neonatal lethality.33

In the present study, another Pex11 family member, Pex11a, which

acts as a membrane elongation factor during peroxisome prolifera-

tion,17,25 may be involved in brain pathology. Its deficiency results in

ventricular dilation and increased macrophage infiltration, indicating

malformation of the cerebrum (Figure 6), which may be because of

decreased peroxisome abundance in cerebrum (data not shown).

However, whether Pex11a deficiency causes accumulation of very

long‐chain fatty acids in the brain and then results in ventricular dila-

tion and macrophage infiltration, needs further studied.

Decreased physical activity and motor function was observed in

Pex11a−/− mice, especially remaining quiescent during the shift from

night to day, compared to those in WT mice. This observation may

be at least partially explained by the ventricular dilation and

increased macrophage infiltration in Pex11a−/− mice, which is similar

to the disorder of peroxisome biogenesis caused by other peroxin
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genes. Mice with knockout of Pex5 in oligodendrocytes exhibited

axonal degeneration, progressive subcortical demyelination and neu-

roninflammation, and gradually developed impaired motor function.34

Our results were supported by another study, which showed that

mice exhibit ventricular dilation and severe hydrocephalus, resulting

in decreased motor function and motor learning ability.35 Decreased

physical activity may be related to decreased system energy expen-

diture in Pex11a−/− mice (Figures 5 and 6), which were also consis-

tent with decreased levels of fatty acid oxidation‐relative gene

(PPARα), resulting in accumulation of very long‐ or long‐chain fatty

acids. This finding may explain for the lipid metabolism dysregulation

and obesity in Pex11a−/− mice. However, Li et al23 reported that mice

lacking Pex11a developed normally, showing normal levels of very

long‐chain fatty acids in plasma. The reason for this difference is pre-

sently unclear. However, in the present study, HFD and older mice

(20 weeks old) were investigated. Pex11a is an inducible gene, and

phenotypic differences in WT mice and Pex11a−/− mice will be more

evident under HFD and older conditions. This may account for the

F IGURE 6 Pex11a deficiency impairs
physical activity and increased lateral
ventricle size and inflammation. Physical
activity was measured using a Lab Animal
Monitoring System in WT and Pex11a−/−

mice fed with a chow diet (A: Continuous
48 h; the black lines and the grey lines
indicate night and day, respectively. B:
Night/day phase) or a high‐fat diet (HFD)
for 8 weeks (D: Continuous 48 h; the black
lines and the grey lines indicate night and
day, respectively. E: Night/day phase),
n = 5 per group. (C) Motor function of
mice fed with a chow diet was measured
by the rotarod test, n = 5 per group. (F)
Pictures of ventricles in WT and Pex11a−/
− mice fed with a chow diet were captured
by MRI. (G) The volumes of lateral and
third ventricles in F were analysed. n = 5
per group. (H) Cerebral sections from WT
and Pex11a−/− mice fed with a chow diet
were stained with H&E (Scale bar:
500 μM) and for macrophages with
antibodies against F4/80 in corpus
callosum (Scale bar: 200 μM). Values are
mean ± SD, *P < 0.05, **P < 0.01 vs WT
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differences between the study of Li et al23 and our results. Further-

more, although there were no differences in blood glucose levels and

glucose tolerance between WT and Pex11a−/− mice on a chow diet,17

in the present study, feeding an HFD elicited a phenotypic difference.

In summary, the current study suggests that Pex11a is required

for peroxisome proliferation in BAT and highlights the relation

between Pex11a and dyslipidaemia and obesity. Understanding of

the mechanisms by which Pex11a deficiency decreased energy

expenditure and fatty acid oxidation and resulted in the

accumulation of very long‐ and long‐chain fatty acids will be required

to develop therapeutic strategies for dyslipidaemia and obesity.

ACKNOWLEDGEMENTS

This work was supported in part by the National Natural Science

Foundation of China (81670784 to WHC) and the Public Welfare

Science and Technology Foundation of Wenzhou China (Y20160011

to WHC). CCC, WHW, LHY and WHC performed the research;

F IGURE 7 Pex11a deficiency impairs peroxisome abundance and increases de novo lipogenesis. (A) Immunofluorescence images of brown
adipose tissue (BAT) of WT mice and Pex11a−/− mice fed with a chow diet (CD). Peroxisomes and nuclei were stained with antibodies against
peroxisome membrane protein 70 (PMP70, green) and DAPI (blue), respectively. Fluorescence emitted by Alexa Fluor 488 was visualized using
a confocal laser‐scanning microscope. Scale bar: 10 μM. (B) Western blot analysis in BAT of WT mice and Pex11a−/− mice fed with a CD.
n = 5 per group. (C and D) Fatty acid synthase (FAS), peroxisome proliferator‐activated receptor‐α (PPARα) and PPARγ mRNAs levels in BAT of
WT mice and Pex11a−/− mice fed with a CD or a high‐fat diet (HFD) were measured by qRT‐PCR. n = 6 per group. (E) Western blot analysis
of FAS in BAT in WT mice and Pex11a−/− mice fed with a CD or an HFD for 8 weeks. n = 5 per group. Values are mean ± SD, *P < 0.05,
**P < 0.01 vs WT. (F) Pex11a deficiency results in ventricular dilation and increased neroninflammation, which would decrease physical
activity. Impaired physical activity needs less energy supply, which exhibits decreased energy expenditure (oxygen consumption) and results in
obesity. Pex11a deficiency decreases peroxisome abundance and fatty acid β‐oxidation in adipose tissue, exhibits decreased oxygen
consumption, and results in the accumulation of very long‐ and long‐chain fatty acids (VLCFAs and LCFAs); Pex11a deficiency also increases de
novo lipogenesis in adipose tissue, especially FAS and PPARγ, which results in the accumulation of palmitic acid (C16:0), and then contributes
to dyslipidaemia and obesity

2030 | CHEN ET AL.



WHC and CL analysed the data; CL and TY revised the manuscript;

QY, CBC, LCS and CDY participated in the discussion and provided

suggestions; WHC designed the research study and wrote the paper.

CONFLICTS OF INTEREST

The authors confirm that there is no conflict of interests.

ORCID

Huachun Weng http://orcid.org/0000-0002-7446-6001

REFERENCES

1. Blomain ES, Dirhan DA, Valentino MA, et al. Mechanisms of

weight regain following weight loss. ISRN Obes. 2013;2013:1523‐
1529.

2. Evans RM, Barish GD, Wang YX. PPARs and the complex journey to

obesity. Nat Med. 2004;10:355‐361.
3. Savage DB. PPARγ as a metabolic regulator: insights from genomics

and pharmacology. Expert Rev Mol Med. 2005;7:1‐16.
4. Rosen ED, MacDougald OA. Adipocyte differentiation from the

inside out. Nat Rev Mol Cell Biol. 2006;7:885‐896.
5. Lodhi IJ, Semenkovich CF. Peroxisomes: a nexus for lipid metabolism

and cellular signaling. Cell Metab. 2014;19:380‐392.
6. Van Veldhoven PP, Baes M. Peroxisome deficient invertebrate and

vertebrate animal models. Front Physiol. 2013;4:335. https://doi.org/

10.3389/fphys.2013.00335.

7. Wanders RJ, Waterham HR. Biochemistry of mammalian peroxi-

somes revisited. Annu Rev Biochem. 2006;75:295‐332.
8. Lazarow PB, Fujiki Y. Biogenesis of peroxisomes. Annu Rev Cell Biol.

1985;1:489‐530.
9. Wanders RJ, Tager JM. Lipid metabolism in peroxisomes in relation

to human disease. Mol Aspects Med. 1998;19:69‐154.
10. Smith JJ, Aitchison JD. Peroxisomes take shape. Nat Rev Mol Cell

Biol. 2013;14:803‐817.
11. Li X, Gould SJ. PEX11 promotes peroxisome division independently

of peroxisome metabolism. J Cell Biol. 2002;156:643‐651.
12. Hettema EH, Motley AM. How peroxisomes multiply. J Cell Sci.

2009;122:2331‐2336.
13. Hoepfner D, Schildknegt D, Braakman I, et al. Contribution of the endo-

plasmic reticulum to peroxisome formation. Cell. 2005;122:85‐95.
14. Delille HK, Agricola B, Guimaraes SC, et al. Pex11pbeta‐mediated

growth and division of mammalian peroxisomes follows a maturation

pathway. J Cell Sci. 2010;123:2750‐2762.
15. Fagarasanu A, Fagarasanu M, Rachubinski RA. Maintaining peroxi-

some populations: a story of division and inheritance. Annu Rev Cell

Dev Biol. 2007;23:321‐344.
16. Koch J, Pranjic K, Huber A, et al. PEX11 family members are mem-

brane elongation factors that coordinate peroxisome proliferation

and maintenance. J Cell Sci. 2010;123:3389‐3400.
17. Weng H, Ji X, Naito Y, et al. Pex11alpha deficiency impairs peroxi-

some elongation and division and contributes to nonalcoholic fatty

liver in mice. Am J Physiol Endocrinol Metab. 2013;304:E187‐E196.
18. Novikoff AB, Novikoff PM. Microperoxisomes and peroxisomes in

relation to lipid metabolism. Ann NY Acad Sci. 1982;386:138‐152.
19. Martens K, Bottelbergs A, Peeters A, et al. Peroxisome deficient

aP2‐Pex5 knockout mice display impaired white adipocyte and mus-

cle function concomitant with reduced adrenergic tone. Mol Genet

Metab. 2012;107:735‐747.

20. Brites P, Ferreira AS, Da Silva TF, et al. Alkyl‐glycerol rescues plas-

malogen levels and pathology of ether‐phospholipid deficient mice.

PLoS ONE. 2011;6(12):e28539. https://doi.org/10.1371/journal.

pone.0028539.

21. Hofer DC, Pessentheiner AR, Pelzmann HJ, et al. Critical role of the

peroxisomal protein PEX16 in white adipocyte development and

lipid homeostasis. Biochim Biophys Acta. 2017;1862:358‐368.
22. Bagattin A, Hugendubler L, Mueller E. Transcriptional coactivator

PGC‐1alpha promotes peroxisomal remodeling and biogenesis. Proc

Natl Acad Sci USA. 2010;107:20376‐20381.
23. Li X, Baumgart E, Dong GX, et al. PEX11alpha is required for peroxi-

some proliferation in response to 4‐phenylbutyrate but is dispens-

able for peroxisome proliferator‐activated receptor alpha‐mediated

peroxisome proliferation. Mol Cell Biol. 2002;22:8226‐8240.
24. Schrader M, Reuber BE, Morrell JC, et al. Expression of PEX11beta

mediates peroxisome proliferation in the absence of extracellular

stimuli. J Biol Chem. 1998;273:29607‐29614.
25. Weng H, Ji X, Endo K, Iwai N. Pex11a deficiency is associated with

a reduced abundance of functional peroxisomes and aggravated

renal interstitial lesions. Hypertension. 2014;64:1054‐1060.
26. Roberts R, Hodson L, Dennis AL, et al. Markers of de novo lipogene-

sis in adipose tissue: association with small adipocytes and insulin

sensitivity in humans. Diabetologia. 2009;52:882‐890.
27. Schleinitz D, Kloting N, Korner A, et al. Effect of genetic variation in

the human fatty acid synthase gene (FASN) on obesity and fat

depot‐specific mRNA expression. Obesity (Silver Spring). 2011;18:

1218‐1225.
28. Lodhi IJ, Yin L, Jensen-Urstad AP, et al. Inhibiting adipose tissue lipo-

genesis reprograms thermogenesis and PPARγ activation to decrease

diet‐induced obesity. Cell Metab. 2012;16:189‐201.
29. Steinberg SJ, Dodt G, Raymond GV, et al. Peroxisome biogenesis

disorders. Biochim Biophys Acta. 2006;1763:1733‐1748.
30. Baes M, Gressens P, Baumgart E, et al. A mouse model for Zellweger

syndrome. Nat Genet. 1997;17:49‐57.
31. Faust PL, Hatten ME. Targeted deletion of the PEX2 peroxisome

assembly gene in mice provides a model for Zellweger syndrome, a

human neuronal migration disorder. J Cell Biol. 1997;139:1293‐1305.
32. Maxwell M, Bjorkman J, Nguyen T, et al. Pex13 inactivation in the

mouse disrupts peroxisome biogenesis and leads to a Zellweger syn-

drome phenotype. Mol Cell Biol. 2003;23:5947‐5957.
33. Li X, Baumgart E, Morrell JC, et al. PEX11 beta deficiency is lethal

and impairs neuronal migration but does not abrogate peroxisome

function. Mol Cell Biol. 2002;22:4358‐4365.
34. Kassmann CM, Lappe-Siefke C, Baes M, et al. Axonal loss and neu-

roinflammation caused by peroxisome‐deficient oligodendrocytes.

Nat Genet. 2007;39:969‐976.
35. Xu Y, Ye H, Shen Y, et al. Dscam mutation leads to hydrocephalus

and decreased motor function. Protein Cell. 2011;2:647‐655.

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Chen C, Wang H, Chen B, et al.

Pex11a deficiency causes dyslipidaemia and obesity in mice. J

Cell Mol Med. 2019;23:2020–2031. https://doi.org/10.1111/

jcmm.14108

CHEN ET AL. | 2031

http://orcid.org/0000-0002-7446-6001
http://orcid.org/0000-0002-7446-6001
http://orcid.org/0000-0002-7446-6001
https://doi.org/10.3389/fphys.2013.00335
https://doi.org/10.3389/fphys.2013.00335
https://doi.org/10.1371/journal.pone.0028539
https://doi.org/10.1371/journal.pone.0028539
https://doi.org/10.1111/jcmm.14108
https://doi.org/10.1111/jcmm.14108

