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Obesity- and age-related alterations in FAT/CD36 translocation 
and  lipin-1 subcellular localization in skeletal muscle of the Zucker rats
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Abstract. Fatty acid (FA) uptake and/or intramuscular triglyceride (TG) accumulation in skeletal 
muscle are increased in obesity, type 2 diabetes and aging. FA translocase (FAT/CD36) translocation, 
lipin-1 subcellular localization and nuclear factor kappa B (NF-κB) p65 protein content in quadriceps 
muscle of young and old obese Zucker fa/fa rats and their lean controls were analyzed by immunoblot 
to define obesity- and aging-related alterations in FA uptake, their subsequent metabolic fate and 
potential to activate pro-inflammatory signaling. As expected, obesity increased FAT/CD36 content 
in plasma membrane in quadriceps muscle of fa/fa rats. Aging increased cytosolic lipin-1 content in 
both, obese rats and their lean controls. Also, old obese rats had decreased level of nuclear extract 
lipin-1compared to that in old lean rats. Neither obesity nor age altered NF-κB p65 protein content 
in cytosol and nuclear extract of quadriceps muscle suggesting that obesity/aging-induced changes in 
FA handling are not accompanied by NF-κB-mediated inflammation. Increase in plasma membrane 
FAT/CD36 content in obese rats and failure in lipin-1 export to nucleus with progression of obesity, 
implying an increase in FA uptake and their different channeling into lipid intermediates synthesis 
pathway in old fa/fa rats versus FA usage in lean rats of the same age.
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Introduction

Fatty acids (FA) are an important source of energy for many 
tissues, including skeletal muscle, which is the main site of 
the manifestation of insulin resistance (Cahova et al. 2007). 
Skeletal muscle displays “metabolic inflexibility” of FA utiliza-
tion in insulin resistance, which is characterized by impaired 
ability to switch easily from fat oxidation during fasting 
conditions to glucose oxidation under insulin-stimulated 
conditions (Kelley and Mandarino 2000; Cahova et al. 2007). 

Fatty acid uptake across the plasma membrane is a largely 
protein-mediated mechanism and it involves several trans-
port proteins, including a family of ~70-kDa FA transport 

proteins (FATP1–6), the 40-kDa plasma membrane associ-
ated FA binding protein (FABPpm) and the heavily glyco-
sylated 88-kDa FA translocase, also known as CD36 (FAT/
CD36) (Bonen et al. 2003, 2007). Bonen et al. suggest that 
FAT/CD36 is a key FA transport protein in heart and skeletal 
muscle (Bonen et al. 2004a). FA uptake is regulated either 
by altering the expression and/or subcellular localization 
of the FA transporters, where both contraction and insulin 
have been shown to induce the translocation of intracellular 
stored FAT/CD36 to the plasma membrane to increase FA 
uptake (Koonen et al. 2005). 

It was found that rate of FA uptake in skeletal muscle is 
increased in obese and type 2 diabetic humans (Bonen et al. 
2004b) and in obese Zucker rats (Luiken et al. 2001). Obese 
individuals have increased intramuscular triglyceride (TG) 
content and it strongly coincides with an upregulation of 
the long chain FA transport across the sarcolemma (Bonen 
et al. 2004b; Li et al. 2011). Also, FA uptake under insulin-
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stimulated conditions is increased in muscle of the old rats 
and rate of FA uptake is correlated with rate of TG synthesis 
(Tucker and Turcotte 2003). In addition, aging is accompa-
nied by higher muscle protein expression of FAT/CD36 and 
higher muscle TG levels (Tucker and Turcotte 2003). 

Lipin-1 is a member of enzyme family that exhibits phos-
phatidate phosphatase-1 enzyme activity, which converts 
phosphatidate to diacylglycerol (DAG) on membranes of 
the endoplasmic reticulum in TG synthesis pathway. Lipin 
proteins resides in the cytosol and they also can localize to 
nucleus, where lipin-1 can act as transcriptional co-activator 
(Reue and Brindley 2008; Siniossoglou, 2013). Lipin-1 ac-
counts for all of the phosphatidate phosphatase-1 activity in 
mouse skeletal muscle (Donkor et al. 2007). Lipid accumula-
tion within muscle cells is associated with skeletal muscle 
insulin resistance (Machann et al. 2004), where different 
lipid intermediates such as fatty acyl-CoA, ceramides and 
DAG, inhibit specific steps in the insulin signaling cascade 
(Timmers et al. 2008; Tsatsoulis et al. 2013). 

In obesity and associated diseases, chronic inflammation 
is characterized by elevated expression of pro-inflammatory 
cytokines and activation of pro-inflammatory signaling 
pathways primarily in adipose tissue and liver (Ye 2013). 
However, activation of nuclear factor kappa B  (NF-κB) 
and p38 mitogen-activated protein kinase (MAPK) pro-
inflammatory signaling is also seen in skeletal muscle in 
obesity and diabetes type 2 (Sishi et al. 2011; Brown et al. 
2015). The prototypical NF-κB is a heterodimer of p50 and 
p65 subunits and it is responsible for the majority of NF-κB 
activity in skeletal muscle (Kramer and Goodyear 2007; 
Huang et al. 2010). Posttranslational modifications of the 
p65 subunit play an important role in regulation of transcrip-
tional activity of NF-κB (Huang et al. 2010). Lipid-induced 
insulin resistance in human skeletal muscle is associated with 
DAG accumulation, increased protein kinase C activity and 
decreased inhibitor of kappa B-alpha (IκB-α) content (Itani 
et al. 2002) that can lead to NF-κB migration from cytosol 
to the nucleus, where it promotes the transcription of pro-
inflammatory tumor necrosis factor alpha (TNF-α) (Baker 
et al. 2011). Also, higher ceramide content was associated 
with an increased phosphorylation and protein content of the 
NF-κB p65 in skeletal muscle of old man (Rivas et al. 2012).

Considering literature data showing that both obesity 
and aging are accompanied by increased FA uptake and TG 
accumulation in skeletal muscles, we hypothesized that FAT/
CD36 and lipin-1, molecules involved in these processes, 
might be affected by obesity and/or old age. We analyzed 
FAT/CD36 translocation and lipin-1 subcellular localiza-
tion in quadriceps muscle of 3-months-old (young) and 
8-months-old (old) obese Zucker fa/fa rats and their lean 
controls. Potential activation of pro-inflammatory NF-κB 
signaling, through determination of NF-κB p65 nuclear 
localization, was also studied.

Materials and Methods

Chemicals

Reagents for the bicinchoninic acid (BCA) assay were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Reagents 
for Bradford protein assay and the Coomassie PlusTM were 
purchased from Thermo Fisher Scientific (Waltham, MA, 
USA). Rabbit polyclonal anti-lipin-1 antibody (sc-98450), 
rabbit polyclonal anti-FAT/CD36 (sc-9154) and rabbit poly-
clonal anti-NF-κB p65 (sc-372) antibodies were obtained 
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). 
Mouse monoclonal anti-β-tubulin (926-42211) antibody was 
purchased from Li-Cor Biosciences (Lincoln, NE, USA). 
Anti-rabbit IgG (H+L) (DyLight™ 800 Conjugate) and Anti-
mouse IgG (H+L) (DyLight™ 800 Conjugate) were purchased 
from Cell Signaling Technology (Beverly, MA, USA).

Animals

Male Zucker fatty rats (fa/fa) and their lean controls (+/?) 
aged 9 weeks were purchased from Harlan (Udine, Italy). 
The animals were housed in a 12-hour light/dark cycle with 
access to water and standard diet ad libitum. Overnight-
fasted animals were killed at the age of 3 (young) resp. 8 (old) 
months by decapitation. Experimental procedures involving 
animals were approved by the Jagiellonian University Ethical 
Committee on Animal Experiments.

Plasma membrane isolation

Membrane fraction was prepared by modification of Jarett’s 
method (Jarett 1974). Powderized quadriceps muscles were 
homogenized with a glass-teflon homogenizer in Tris-EDTA 
buffer (10 mmol/l Tris-HCl, 250 mmol/l sucrose, 1 mmol/l 
EDTA, 1 mmol/l phenylmethylsulphonyl fluoride, 5 μg/
ml aprotinin, 5 μg/ml leupeptin, 10 mmol/l NaF, 1 mmol/l 
Na3VO4, 30 mmol/l sodium pyrophosphate, pH 7.4). Ho-
mogenates were centrifuged at 1000 × g for 10 min at 4°C. 
After centrifugation of supernatants at 16000 × g for 15 min 
at 4°C, the pellet of crude plasma membranes was obtained 
and resuspended in Tris-EDTA buffer. The supernatant was 
denoted as cytosol. Protein concentration was determined 
by the BCA assay using bovine serum albumin as a standard.

Preparation of nuclear extract

Nuclear proteins were isolated according to modified method 
previously described (Helenius et al. 1996). Tissue was ho-
mogenized with a glass-teflon homogenizer in ice-cold hypo-
tonic buffer (1.5 mmol/l MgCl2, 10 mmol/l KCl, 0.5 mmol/l 
DTT, 10 mmol/l HEPES, protease and phosphatase inhibi-
tors, pH 7.9). Homogenates were incubated for 10 min on 
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ice and centrifuged at 21000 × g for 20 min at 4°C and the 
supernatant was recentrifuged at 15000 × g for 30 min. The 
obtained supernatant was designated the cytosol fraction. 
Nuclear proteins were isolated from the original pellet. Pellets 
were washed once with the same volume of hypotonic buffer 
and centrifuged at 10000 × g for 15 min at 4°C. Supernatants 
were discarded and pellets were suspended in ice-cold low 
salt buffer (25% glycerol, 1.5 mmol/l MgCl2, 0.2  mmol/l 
EDTA, 0.5 mmol/l DTT, 20 mmol/l KCl, 20 mmol/l HEPES, 
protease and phosphatase inhibitors, pH 7.9) using the half of 
the volume of hypotonic buffer. Nuclei were lysed by adding 
high salt buffer (25% glycerol, 1.5 mmol/l MgCl2, 0.2 mmol/l 
EDTA, 0.5 mmol/l DTT, 1.2 mol/l KCl, 20 mmol/l HEPES, 
protease and phosphatase inhibitors, pH 7.9) drop by drop 
using the half of the volume of low salt buffer. Samples were 
incubated on ice and frequently mixed for 30 min. The 
obtained suspension was centrifuged for 40 min at 21000 
× g, and the supernatant was referred to as a nuclear extract. 
Protein concentration was determined by the BCA assay 
(cytosol) or Bradford assay (nuclear extract) using bovine 
serum albumin as a standard.

Western blotting

Plasma membrane, nuclear extract and appropriate cytosol 
proteins were separated on 8% SDS polyacrylamide gels 

and transferred to a PVDF membrane. Membranes were 
blocked in 5% milk in TBS/IGEPAL buffer and incubated 
overnight at 4°C with appropriate primary antibody di-
luted 1:500 (FAT/CD36, lipin-1 and NF-κB p65) or 1:2000 
(β-tubulin) in blocking buffer. After washing, membranes 
were incubated with secondary antibody conjugated to fluo-
rescent dye diluted 1:15000. The bands were visualized and 
quantified using the LI-COR® Biosciences Odyssey® Infrared 
Imaging System. The band intensities were normalized 
using β-tubulin as an internal loading control for cytosol 
fractions. Total protein stains with coomassie blue brilliant 
were used to normalize expression of target protein in the 
plasma membrane fraction and nuclear extract (Welinder 
and Ekblad 2011). Briefly, after membrane scanning and 
subsequent washing, blots were stained for 1 min (0.04% 
coomassie blue brilliant (w/v), 40 % methanol (v/v) and 5 % 
acetic acid (v/v)), destained for 2 min (40 % methanol (v/v) 
and 5 % acetic acid (v/v)), washed in water and dried. Signal 
corresponding to total proteins on the blot was analyzed by 
software Image J 1.42q (NIH, USA).

Statistical analysis

All data are presented as mean ± SEM. Statistical compari-
sons were performed by two-way ANOVA with a Bonferroni 
test for post hoc comparison using Sigma Stat 3.5 (Systat 

Figure 1. FAT/CD36 protein content in cytosol (A) and plasma membrane (B) in quadriceps muscle of 3- (young) and 8-months-old (old) 
obese Zucker fa/fa rats and their lean controls (lean). Representative Western blots are shown. Results of densitometric quantification 
of the Western blots after normalization to appropriate loading control are presented as mean ± SEM. Statistical analysis was calculated 
by two-way ANOVA, followed by Bonferroni post hoc test. n = 8 for young obese, n = 8 for old obese, n = 6 for young lean and n = 6 for 
old lean for each fraction. ** p < 0.01, *** p < 0.001.
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Figure 2. Lipin-1 protein content in cytosol (A) and nuclear extract (B) in quadriceps muscle of 3- (young) and 8-months-old (old) 
obese Zucker fa/fa rats and their lean controls (lean). Representative Western blots are shown. Results of densitometric quantification of 
the Western blots after normalization to appropriate loading control are presented as mean ± SEM. Statistical analysis was calculated by 
two-way ANOVA, followed by Bonferroni post hoc test. Cytosol: n = 8 for young obese, n = 8 for old obese, n = 6 for young lean and n = 6 
for old lean. Nuclear extract: n = 7 for young obese, n = 7 for old obese, n = 5 for young lean and n = 4 for old lean.* p < 0.05, ** p < 0.01.

Software Inc., San Jose, California, USA). A value of p < 0.05 
was considered statistically significant.

Results

FAT/CD36 translocation in quadriceps muscle

To study effects of obesity and aging on FAT/CD36 trans-
location, plasma membrane and cytosol content were 
determined. Content of FAT/CD36 in cytosol of quadri-
ceps muscle in obese Zucker rats is dependent on age or 
progression of obesity associated with age. The two-way 
ANOVA revealed a  significant interaction between age 
and genotype (F(1,24) = 49.421, p < 0.001) (Figure 1A). 
Bonferroni post hoc test revealed significantly decreased 
level of cytosolic FAT/CD36 in young obese rats com-
pared to that in young lean rats (p = 0.001), while there 
was significantly increased FAT/CD36 content in cytosol 
of old obese rats compared to old lean rats (p < 0.001). 
In addition, significantly increased cytosolic FAT/CD36 
was observed in old obese rats compared to that in young 
obese rats (p < 0.001). Contrary, there was significantly 
decreased level of cytosolic FAT/CD36 in old lean com-
pared to young lean rats (p < 0.001).

Two-way ANOVA revealed a significant main effect of the 
fa/fa genotype (F(1,24) = 9.739, p = 0.005) on plasma mem-
brane FAT/CD36 content (Figure 1B). Obesity increased 
FAT/CD36 content in plasma membrane in quadriceps 
muscle of fa/fa rats. Neither a significant effect of age (F(1,24) 
= 2.751, p = 0.110) nor an interaction between age and geno-
type (F(1,24) = 0.0337, p = 0.856) were observed.

Lipin-1 subcellular localization in quadriceps muscle

An effect of obesity and aging on subcellular localization of 
lipin-1 was studied through determination of lipin-1 protein 
content in cytosol and nuclear extract. Lipin-1 cytosolic 
content in quadriceps muscle of Zucker rats was affected 
by age (F(1,24) = 8.172, p = 0.009), independently of obesity 
(F(1,24) = 0.989, p = 0.330) (Figure 2A). Aging increased the 
cytosolic lipin-1 content.

Regarding lipin-1 content in nuclear extract of muscle 
cells, the two-way ANOVA revealed a significant interaction 
between age and fa/fa genotype (F(1,19) = 7.323, p = 0.014) 
(Figure 2B). Post hoc analysis revealed significantly increased 
lipin-1 content in nuclear extract of old lean rats compared 
with young lean rats (p = 0.007) and significantly decreased 
level of nuclear extract lipin-1 in old obese rats compared 
to that in old lean rats (p = 0.017).



403Obesity, aging and muscle lipid metabolism

NF-κB p65 content in quadriceps muscle

To study activation of NF-κB pathway, NF-κB p65 cytosol 
and nuclear distribution was determined. Both NF-κB p65 
content in cytosol (Figure 3A) and nucleus (Figure 3B) in 
quadriceps muscle of Zucker rats were not affected by age 
(F(1,24) = 0.688, p = 0.415; F(1,21) = 0.121, p = 0.731) or fa/
fa genotype (F(1,24) = 0.0445, p = 0.835; F(1,21) = 0.258, p = 
0.617), with no age × genotype interaction (F(1,24) = 0.587, 
p = 0.451; F(1,21) = 0.0671, p = 0.798).

Discussion

Obese Zucker rats are homozygous for the mutated fa allele 
and resulting mutation in the leptin receptor is the molecular 
base of their characteristic phenotype. Zucker fatty fa/fa rats 
develop hyperphagia associated with severe obesity. These 
animals are also model of insulin resistance, because they are 
dyslipidaemic and hyperinsulinaemic, while glucose levels 
are normal or only slightly higher than normal (Aleixandre 
de Artinano and Miguel Castro 2009). As it is already pub-
lished in the paper by Spolcova et al. (2014), rats from our 
study developed severe obesity accompanied by metabolic 
burden such as impaired glucose tolerance only in old age. 
However, peripheral insulin sensitivity is decreased also at an 
early age (12 weeks) in the fa/fa rats although it is partially 

compensated at least in terms of glycaemia but not plasma 
lipid levels (Spolcova et al. 2014).

Aguer and coworkers suggest that FAT/CD36 localization 
to the membrane is a major contributor to skeletal muscle 
lipid stores in obesity or type 2 diabetes (Aguer et al. 2010). 
In this study, the fa/fa rats had increased FAT/CD36 plasma 
membrane content in quadriceps muscle that most likely 
leads to increased FA uptake. Study on Zucker diabetic fatty 
rats in prediabetic state showed that rate of FA uptake and 
plasma membrane content of FAT/CD36 are upregulated 
in red skeletal muscle in insulin resistance (Chabowski et 
al. 2006). Obesity-related increase in plasma membrane 
localization of FAT/CD36 in young rats is probably due to 
translocation of transporter from intracellular compartment, 
since significantly reduced cytosolic content of FAT/CD36 
was found in young obese rats compared to age-matched 
control. This is in accordance with the study from Han et 
al. (2007) who have noticed relocation of FAT/CD36 from 
intracellular compartment to plasma membrane in hindlimb 
muscle of female obese Zucker rats. In old age higher plasma 
membrane FAT/CD36 content in fa/fa rats was accompanied 
by higher cytosolic FAT/CD36 content, indicating overall 
increased FAT/CD36 expression in quadriceps muscle of old 
obese rats, probably as consequence of increase in protein 
expression with obesity progression associated with age. 
Middle-aged mice on a  high-fat diet showed significant 
weight gain and developed insulin resistance compared to 

Figure 3. NF-κB p65 protein content in cytosol (A) and nuclear extract (B) in quadriceps muscle of 3- (young) and 8-months-old (old) 
obese Zucker fa/fa rats and their lean controls (lean). Representative Western blots are shown. Results of densitometric quantification 
of the Western blots after normalization to appropriate loading control are presented as mean ± SEM. Statistical analysis was calculated 
by two-way ANOVA, followed by Bonferroni post hoc test. Cytosol: n = 8 for young obese, n = 8 for old obese, n = 6 for young lean and 
n = 6 for old lean. Nuclear extract: n = 7 for young obese, n = 7 for old obese, n = 6 for young lean and n = 5 for old lean.
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age-matched controls and it was associated with elevation 
of FAT/CD36 expression in skeletal muscle of middle-aged 
mice (Koonen et al. 2010). 

Fatty acids that are taken up into skeletal muscle are pri-
marily oxidized or stored as TG. Increase in FA transport 
and plasmalemmal FAT/CD36 in skeletal muscle of female 
obese Zucker rats were accompanied by greater rate of FA 
oxidation (Holloway et al. 2009). However, despite the in-
creased oxidation, intramuscular TG accumulated, strongly 
suggesting that increased delivery of FA into muscle can 
exceed capacity of β-oxidation, which results in the lipid 
accumulation (Holloway et al. 2009).

Lipin-1 catalyzes the third step in the Kennedy TG 
synthesis pathway: the dephosphorylation of phosphatidic 
acid to form DAG (Kok et al. 2012). Significantly increased 
lipin-1 content in cytosol in quadriceps muscle was observed 
in old-age rats from our study. Lipin-1 can translocate to 
endoplasmic reticulum membrane in response to elevated 
cellular FA (Reue and Brindley 2008). Also, old lean rats had 
increased lipin-1 protein content in nuclear extract. Study 
on tissue-specific lipin transgenic mouse strains showed 
that enhanced lipin expression in skeletal muscle promotes 
obesity and obesity-associated insulin resistance (Phan and 
Reue 2005). Wang et al. (2011) showed that longissimus dorsi 
muscle of Rongchang obese pigs has a higher level of mRNA 
for lipin-1 than PIC lean pigs. Lipin-1 stimulates expression 
of genes involved in FA oxidation via direct physical interac-
tions with peroxisome proliferator-activated receptor alpha 
(PPARα) and peroxisome proliferator-activated receptor 
gama coactivator 1 alpha (PGC-1α) in nucleus of liver cells 
(Finck et al. 2006). So, increased cytosolic and nuclear lipin-1 
content in quadriceps muscle of old lean rats may indicate 
increased FA usage in these animals. Koonen and coworkers 
suggested that there was shifting in substrate selection from 
carbohydrates toward FA in middle-aged mice, and they 
detected increased level of TG in gastrocnemius muscle of 
old mice (Koonen et al. 2010). Decreased nuclear lipin-1 
content in quadriceps muscle of old fa/fa rats suggests at-
tenuated involvement of lipin-1 in regulation of β-oxidation 
gene expression in these animals.

Barma et al. (2009) showed that incubation of L6 skel-
etal muscle cells with palmitate induced NF-κB activation 
and NF-κB p65 expression, and this was associated with 
insulin resistance. There were no differences in NF-κB p65 
cytosolic and nuclear content between groups in our study, 
implying absence of age- and obesity-related activation of 
pro-inflammatory NF-κB signaling in quadriceps muscle of 
Zucker rats. Also, high-fat feeding in Wistar rats induced 
weight gain, but did not modify muscle inflammation, as 
nuclear NF-κB p65 and tissue TNFα were not changed in 
gastrocnemius muscle (Barazzoni et al. 2011). However, 
other pro-inflammatory pathways, such as p38 MAPK sign-
aling, could be involved in the activation of inflammatory 

processes in the quadriceps muscle of Zucker rats. Namely, 
activation of p38 MAPK is found in skeletal muscle cells after 
exposure to palmitate (Maurya et al. 2014; Jaiswal et al. 2015). 
Also, increased p38 MAPK activity is probably responsible 
for chronic inflammation in skeletal muscle during aging 
process (Papaconstantinou et al. 2015).

Obtained results show that with progression of obesity 
there is failure in lipin-1 export to nucleus implying pos-
sible channeling of large influx of FAT/CD36-mediated FA 
transport to lipid intermediates accumulation in quadriceps 
muscle of old fa/fa rats. In addition, unchanged NF-κB p65 
nuclear distribution indicates absence of NF-κB-dependent 
inflammatory responses in muscle of extremely obese rats.
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