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weaning and 3mo (p =  0.05). PLIN2 and PLIN5 content 
decreased at 3mo versus weaning (p < 0.001). HFD dams 
had a higher PLIN3 content (p = 0.016). Diet had no effect 
on ATGL, CGI-58, or HSL content. In conclusion, expo-
sure to a maternal HFD resulted in higher skeletal muscle 
lipid and PLIN5 content in plantaris of offspring through to 
young adulthood.

Keywords  ADRP · OXPAT · Skeletal muscle · TIP47 · 
High fat diet · Maternal diet

Abbreviations
HFD	� High fat diet
PLIN	� Perilipin
ATGL	� Adipose triglyceride lipase
HSL	� Hormone sensitive lipase
CON	� Control diet
ORO	� Oil red O

Introduction

A high fat diet (HFD) leads to an abundance of circulating 
lipids as a result of lack of storage capacity in adipose tis-
sue. As a consequence, lipids accumulate in ectopic tissues 
such as skeletal muscle [7, 46, 57, 60]. The proper storage 
of intramuscular lipids as triacylglycerols in lipid droplets 
is tightly regulated and plays a critical role in maintaining 
energy homeostasis and cellular function. To date, the exact 
mechanisms regulating how intramuscular lipids are stored 
in lipid droplets are unknown. Accumulating evidence indi-
cates that a family of lipid droplet proteins, known as PLIN 
proteins (perilipin 1 through 5) [26], are likely involved in 
regulating skeletal muscle lipid droplet growth and devel-
opment [17, 40]. However, most studies investigating the 

Abstract  A maternal high fat diet (HFD) can have 
adverse effects on skeletal muscle development. Skeletal 
muscle PLIN proteins (PLIN2, 3 and 5) are thought to play 
critical roles in lipid metabolism, however effects of HFD 
on PLIN and lipases (HSL, ATGL, CGI-58) in mothers 
as well as their offspring have yet to be investigated. The 
primary objective of this study was to determine whether 
maternal HFD would influence skeletal muscle lipase 
and PLIN protein content in offspring at weaning (19d) 
and young adulthood (3mo). Female rats (28d old, n = 9/
group) were fed control (CON, AIN93G, 7 % soybean oil) 
or HFD (AIN93G, 20 % lard) for 10 weeks prior to mating 
and throughout pregnancy and lactation. All offspring were 
weaned to CON [n = 18/group, 1 female and 1 male pup 
per litter were studied at weaning (19d) and 3mo of age]. 
There was no effect of sex for the main outcomes measured 
in plantaris, therefore male and female data was combined. 
Maternal HFD resulted in higher triacylglycerol content in 
pups at 3mo (p < 0.05), as well as in the dams (p = 0.015). 
Maternal HFD resulted in higher PLIN5 content in pups at 
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roles of skeletal muscle PLIN proteins have focused on 
changes with exercise training [41, 48, 50, 51] and their 
potential role in regulating lipolysis [32–34], while few 
studies have investigated the effects of a HFD on skeletal 
muscle lipases and PLIN proteins [3, 7, 16].

Our understanding of PLIN proteins in skeletal muscle 
is limited, however studies in other tissues and in cell cul-
ture indicate that PLIN proteins are key regulators of lipid 
metabolism as they appear to be directly involved with the 
storage, mobilization, and utilization of fatty acids [11, 13, 
17, 30, 31, 55]. Of the PLIN family three are expressed in 
skeletal muscle: PLIN2 formerly ADRP, PLIN3 formerly 
TIP47, and PLIN5 formerly OXPAT. Recent work indicates 
that skeletal muscle PLIN proteins enhance lipid droplet 
growth and expansion by directly interacting with lipases 
on the lipid droplet surface [33, 34, 42]. Further, studies 
in skeletal muscle indicate that these PLIN proteins are 
more highly expressed in scenarios where there is a higher 
intramuscular lipid content [41, 48–51, 65]. Due to a lack 
of studies investigating the specific roles of these PLIN 
proteins in skeletal muscle, it is necessary to extrapolate 
from findings utilizing other tissues types or models. Cell 
culture studies utilizing lipid loading and PLIN protein 
overexpression have indicated a role for PLIN2 [12, 21, 
22, 25, 29], PLIN3 [64], and PLIN5 [15, 65] in both the 
development and growth of lipid droplets. As PLIN protein 
content appears to mirror the lipid content of the cell it is 
highly likely that these PLIN proteins would be sensitive to 
changes in dietary lipid content.

To date, only three studies have investigated the effects 
of high fat feeding on skeletal muscle PLIN protein con-
tent. Following 4 weeks of a HFD (40 % energy from lard 
and 5 % from soybean oil), there was an increased PLIN5 
content with no change in PLIN2 or PLIN3 in mouse gas-
trocnemius [3]. In two additional studies, 8 weeks of HFD 
(45  % energy from fat) resulted in either significantly 
increased PLIN2 content in mouse tibialis anterior [7] or 
a trend towards an increase in mouse gastrocnemius [16]. 
These three studies indicate that there may be a temporal 
response in PLIN protein content to HFD, with PLIN5 con-
tent increasing early on and PLIN2 increasing at 8 weeks. 
In addition, this work also demonstrated that PLIN2 
appears to be more sensitive to dietary unsaturated fatty 
acids compared to saturated [16]. Together these studies 
highlight the potential importance of skeletal muscle PLIN 
proteins in regulating lipid storage in response to high fat 
feeding, however further work is needed to clarify these 
findings.

In addition to the direct effects of HFD on skeletal mus-
cle, HFD can have adverse effects on skeletal muscle devel-
opment in offspring from high fat fed mothers. Maternal 
high fat feeding can cause obesity in dams and can modu-
late the intrauterine environment such that offspring are 

programmed to become obese [47, 63] and have metabolic 
disorders related to skeletal muscle health. Offspring, aged 
21 days to adulthood, from obese rats have reduced mus-
cle contractile capacity [4], impaired insulin signalling and 
mitochondrial capacity [5], and decreased GLUT4 content 
[52]. Therefore, there is potential for epigenetic modifica-
tions, which may predispose the offspring to obesity and 
metabolic disease as a result of HFD-induced changes in 
metabolism. However, the mechanisms involved in gener-
ating the above-mentioned changes in skeletal muscle are 
far from being completely understood, and an examination 
of changes in skeletal muscle PLIN in offspring from high 
fat fed dams has yet to be investigated. Further, another 
possible mechanism regulating the increased skeletal mus-
cle lipid storage with a HFD is a reduction in lipolytic rate 
due to changes in the protein content of the lipases, adipose 
triglyceride lipase (ATGL) and hormone sensitive lipase 
(HSL).

Based on emerging knowledge that maternal diet can 
modulate metabolism of offspring, the primary objective 
of this study was to determine if exposure of offspring to 
HFD in utero and throughout suckling modulated skeletal 
muscle lipid, PLIN, and lipase protein content at 3 months 
of age or young adulthood. We hypothesized that skel-
etal muscle lipid content would be higher in the offspring 
from the high fat fed dams and that this would be related 
to changes in PLIN protein and lipase content similar to 
changes seen in the high fat fed dams. This would indicate 
that a maternal HFD has long lasting effects on skeletal 
muscle lipid metabolism in offspring. A secondary objec-
tive was to determine the effect of a HFD on skeletal mus-
cle lipid, PLIN, and lipase protein content on mothers fed 
continuous HFD since weaning. It was critical to establish 
the status of mothers first to determine the effects of the 
HFD on the dams and second to determine if these effects 
are carried into the offspring. This study showed that a 
maternal HFD resulted in higher PLIN5 content in pups 
at weaning and 3 months of age and an increased PLIN3 
content in dams. Findings from this study provide novel 
information regarding potential adverse effects of maternal 
HFD on skeletal muscle health in offspring and insight into 
the potential roles of these PLIN proteins in skeletal muscle 
lipid storage.

Methods

Animals

Twenty-one day old female (n  =  18) and male (n  =  6) 
Wistar rats were purchased (Charles River, QC, Can-
ada) for use in this experiment. Rats were housed within 
the Brock University Animal Facility, where they were 
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maintained on a 12:12-h light–dark cycle at 22  °C. All 
experimental procedures and protocols were approved by 
the Brock University Animal Care and Utilization Commit-
tee and conformed to all Canadian Council on Animal Care 
guidelines [18].

Experimental Design

Female rats (28 days old) were fed control (CON; AIN93G 
diet, 7  % soybean oil by weight; n  =  9/group) or HFD 
(modified AIN93G diet, 20 % lard by weight; n = 9/group) 
ad libitum for 10 weeks at which time they were bred with 
age-matched males (n  =  6) and continued on the same 
diet throughout gestation and lactation. Each male rat was 
bred with the same number of females from each interven-
tion, ensuring equal paternal influence among groups. The 
male rats were fed a control AIN93G diet. The fatty acid 
composition of the two diets was measured by gas chroma-
tography and is reported in another study that investigated 
bone health [37]. The HFD diet was modified to ensure that 
observed effects could be attributed to the higher fat con-
tent in the diet and not to lower levels of other nutrients. 
Specifically, the amount of protein, vitamins, and minerals 
in HFD was increased by a factor of 1.2 compared to the 
CON diet to account for the 1.2 fold higher energy content 
per kg of diet [37].

Litters were weaned at postnatal day 19 and 1 male 
and 1 female pup from each of the 9 litters per group were 
studied at weaning (postnatal day 19, n = 18 pups/group) 
and young adulthood (3 mo, n = 18 pups/group) to reduce 
potential litter effects [61]. All pups were fed CON until 
3 months of age, regardless of whether their mothers were 
fed HFD or CON during pregnancy and lactation, to deter-
mine pre-weaning effects of a HFD to offspring. Offspring 
at both ages were anesthetized via intraperitoneal injec-
tion of pentobarbital sodium (6  mg/100  g body wt). Left 
and right plantaris muscles were isolated and removed. The 
left plantaris was snap frozen in liquid nitrogen for West-
ern blotting analysis and the right plantaris was cut and 
mounted for histochemical analysis (see below). Dam and 
offspring omental, retroperitoneal, and parametrial fat pads 
were dissected, weighed and snap frozen for a measure of 
adiposity.

Western Blotting

Plantaris muscles were homogenized in a standard homog-
enization buffer (250  mM sucrose, 100  mM KCl, 5  mM 
EDTA; pH fixed to 6.8) using a 1:25 dilution of muscle to 
buffer with added protease (11836170001, Roach, QC), 
and phosphatase inhibitor (04906845001, Roach, QC, Can-
ada). Protein concentration of the total homogenates was 
determined using a Bradford Assay (Bio-Rad Protein Assay 

Dye Reagent Concentrate; #500-0006, Bio-Rad, USA). 
SDS–polyacrylamide gel electrophoresis (8 or 10 % sepa-
rating; 4 % stacking) was used to separate proteins (ATGL, 
CGI-58, HSL, PLIN2, PLIN3, and PLIN5) at 120  V for 
1.5 h, and proteins were electroblotted onto polyvinylidene 
difluoride membranes (Amersham Biosciences, Piscata-
way, NJ, USA) for 1 h at 100 V followed by blocking in 
2 (CGI-58) or 5 % (actin, PLIN2, PLIN5) fat-free milk in 
TBST, or 5 % BSA (PLIN3, ATGL) in TBST. Primary anti-
bodies were diluted 1:1,000 in 2 (CGI-58) or 3 % (PLIN2, 
PLIN5) fat-free milk, or 1 (PLIN3) or 5 % BSA (ATGL) 
in TBST and incubated overnight at 4 °C. Secondary anti-
bodies were diluted 1:10,000–20,000 in 2 (CGI-58) or 
3 % (PLIN2, PLIN5) milk, or 1 (PLIN3) or 5 % (ATGL) 
BSA and incubated for 1 h. Blots of specific signals were 
visualized with enhanced chemiluminescence (Amersham 
Biosciences, Piscataway, NJ, USA). The densities of the 
individual bands were integrated using Image J software 
(http://rsbweb.nih.gov/ij/). Blots were normalized to actin 
protein content and results are reported as the ratio of the 
density of the target protein to the density of actin in arbi-
trary units.

Antibodies

The following antibodies were used and have been used 
previously: anti-actin antibody (BD Biosciences, Missis-
sauga, ON, 558623), PLIN2 (52  kDa) mouse monoclo-
nal antibody (Progen Biotechnik, Heidelberg, Cat. No. 
610102) [33, 41], PLIN3 (47  kDa) (ProSci Inc., Poway, 
California, Cat. No. 3883) [33, 41], PLIN5 (52 kDa) guinea 
pig polyclonal antibody (Progen Biotechnik, Heidelberg, 
Cat. Nos. GP34 and GP31) [8, 33, 36, 41], ATGL (54 kDa) 
rabbit monoclonal antibody (Cell Signalling Technology, 
#2439, Danvers, MA, USA) [1, 33], CGI-58 (42 kDa) rab-
bit polyclonal antibody (Novus Biologicals, NB110-41576, 
Oakville, ON, Canada) [1, 33, 56], and HSL (Cell Signal-
ling Technology, 4107S, Danvers, MA, USA).

Histochemical Analysis

The muscle sections used for histochemical analysis were 
oriented for cross sections and mounted in embedding 
medium (Cryomatrix, Pittsburgh, PA, USA) on a piece 
of cork, which was plunged into 2-methylbutane cooled 
in liquid nitrogen. Following rapid freezing, the samples 
were stored at −80  °C until sectioning. Sectioning was 
completed with a cryotome (ThermoShandon, Runcorn, 
Cheshire, UK) optimally set at −20 °C. 10 μm thick sec-
tions were thaw mounted onto slides and stored at −80 °C 
until histochemical staining. For the examination of lipid 
droplets, oil red O (ORO; O0625; Sigma-Aldrich, St. 
Louis, MO, USA) was utilized [28, 53, 58, 59]. Briefly, 

http://rsbweb.nih.gov/ij/
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cryosections were fixed in 3.7  % formaldehyde for 1  h. 
Slides were then rinsed 3 times in deionized water for 30 s, 
and then immersed in the working solution of ORO for 
30 min. Slides were rinsed three times in deionized water 
and cover slips were mounted using Prolong Gold anti-
fade reagent (cat no. P36930, Invitrogen, Burlington, ON, 
Canada).

Image Capturing and Analyses

All sections were examined using a Nikon Eclipse 80i 
fluorescence microscope (Nikon Eclipse 80i; Chiyoda-ku, 
Tokyo, Japan). Digital images of the slides were captured 
with a digital camera (Retiga 1300, QImaging, Burnaby, 
BC, Canada) attached to the microscope. To visualize the 
ORO stain a TRITC (510–560  nm) excitation filter was 
used. Digitally captured images at 40× magnification 
were analyzed using imaging software (NIS-Elements AR 
3.00; Nikon Instruments, Melville, NY, USA). An inten-
sity threshold representing minimal values corresponding 
to lipid droplets was set manually and applied uniformly in 
all images. The lipid droplet fluorescent signals were quan-
tified for each muscle fiber, a total of 60 ±  5 fibers were 
analyzed for each muscle cross section, which represented 
four fields of view for dams and 3  month old offspring 
and two fields of view for weaning offspring. Fiber area, 
as well as number and area of objects emitting a fluores-
cent signal, were recorded. Muscle fiber lipid droplet con-
tent was expressed as the fraction of the measured area that 
was stained per fiber [32, 58]. All measures were manu-
ally outlined and traced by investigators for each individ-
ual myocyte. The immunofluorescence method described 
here covers numerous fibers per muscle cross- section and, 
therefore, gives a good representation of the entire mus-
cle. To test the reliability of the method in our hands, both 
intra-observer and inter-observer reliability were evaluated 
by two investigators. The intra-observer reliability involved 
the two investigators performing analysis of one image 
three times, at least 1 week apart. The inter-observer reli-
ability involved two independent investigators (AM and 
RM) performing analysis for three separate images. These 
tests proved to be reliable with a coefficient of variation 
<5 % for both intra-observer and inter-observer reliability.

Triacylglycerol Fatty Acid Composition

Frozen plantaris muscle was homogenized in 10 volumes 
of Tris HCl buffer (pH 8.0) and used for lipid analysis. 
Total lipids from muscle homogenate were extracted [19] 
and triacylglycerols from each sample were separated using 
thin-layer chromatography [27]. Isolated triacylglycerols 
were methylated [35] and the fatty acid composition of 
each triacylglycerol was analyzed by gas chromatography 

[10]. Briefly, the fatty acid methyl esters were separated 
on a UFM-RTX WAX analytical column (Thermo Elec-
tron Corp., Milan, Italy) using gas chromatography (Trace 
GC Ultra, Thermo Electron Corp, Milan, Italy) fitted with 
a fast flame ionization detector, a split-splitless injector, 
and Triplus AS autosampler. Fatty acids were identified by 
retention time compared with a known standard (Supelco 
37 component FAME mix, Supelco, Bellefonte, PA, USA) 
and absolute amounts of individual fatty acids were calcu-
lated with the aid of the internal standard, tridecanoic acid 
(13:0), added to the samples before the methylation pro-
cess. Preliminary analyses indicated no detectable endog-
enous 13:0 in the samples analyzed (data not shown).

Statistics

A t test was used to compare body mass and fat pad mass 
of offspring at weaning and at 3 months of age, and for 

Table 1   Body weight and fat pad mass of offspring of dams fed con-
trol or high fat diet

Values are expressed as means ± SEM (n = 18 per group)

There was a significant main effect for age for all outcomes 
(p < 0.05): * Significant difference from weaning control at same age 
(p < 0.05)

Con control diet, HFD high fat diet

Outcome CON offspring HFD offspring

Weaning 3 Months Weaning 3 Months

Body Weight 
(g)

44.4 ± 1.4 411.7 ± 26.4 54.2 ± 2.1* 427.9 ± 30.7

Retroperito-
neal (g)

2.6 ± 0.3 28.6 ± 2.1 4.2 ± 0.4* 31.7 ± 2.8

Omental (g) 8.2 ± 0.7 21.8 ± 1.0 9.6 ± 0.4 23.6 ± 1.9

Total fat pad 
(g)

10.6 ± 0.8 50.4 ± 2.6 13.8 ± 0.7* 55.3 ± 3.8

Table 2   Body mass and fat pad mass of dams fed either control or 
high fat diet

Values are expressed as means ± SEM (n = 9 per group)

Con control diet, HFD high fat diet

Outcome CON dams HFD dams p value

Diet

Body mass (g)

 4 weeks old 82.9 ± 0.9 81.3 ± 2.1 p > 0.05

 10 weeks old 323.7 ± 4.5 349.6 ± 9.7 p = 0.028

Fat pad weights (g)

 Retroperitoneal 4.9 ± 0.4 6.2 ± 0.6 p = 0.104

 Omental 4.3 ± 0.5 5.5 ± 0.4 p = 0.055

 Parametrial 6.0 ± 0.5 8.0 ± 0.9 p = 0.068

 Total fat pad 15.2 ± 1.0 19.6 ± 1.9 p < 0.05
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dams. A t test was also used for comparison of triacylg-
lycerol composition of plantaris in 3 month old offspring 
and dams. Comparisons for lipid and protein content were 
performed using a two-way ANOVA (diet and age). Sexes 
were combined for statistical analysis because there were 
no significant difference between males and females for 
the main outcomes (PLIN and lipase protein content). 
Tukey’s post hoc tests were performed when significance 
was detected. For outcomes measured in dams, analyses 
were performed using a t-test for normally distributed 
data (body and fat pad mass, mean lipid and protein con-
tent) or a Rank Sum test when data were not normally 
distributed (fiber area and lipid content). Statistical sig-
nificance was set at p  <  0.05. All data are expressed as 
means ± SEM.

Results

Offspring and Maternal Body and Fat Pad Mass

Offspring from dams fed HFD had a higher body mass at 
weaning as well as increased retroperitoneal and total fat 

pad mass. There were no significant differences in off-
spring body and fat pad mass at 3 months of age (Table 1). 
At the end of lactation, high fat feeding of dams resulted 
in a higher body mass [37], as well as omental and total fat 
pad mass (Table 2).

Fiber Area and Lipid Content

No significant differences between HFD and CON dams 
were found for the average muscle fiber area (CON: 
3,706 ±  260 μm2 and HFD: 3,622 ±  428 μm2; Fig. 1a). 
Offspring fiber area did not differ between diets either at 
weaning or 3 months of age (weaning CON: 407 ± 29 μm2 
vs weaning HFD 521  ±  44  μm2; young adult CON: 
2,812 ± 258 μm2 vs young adult HFD: 3,148 ± 254 μm2; 
Fig.  1a). Fiber area of offspring at 3  months was signifi-
cantly larger than weanlings (p < 0.05).

High fat feeding resulted in increased lipid content in the 
plantaris muscle of dams as well as pups, both at weaning 
and at young adulthood (p < 0.05; Fig. 1b). Figure 2 shows 
representative images of rat skeletal muscle cross sections 
viewed with an immunofluorescence microscope following 
incubation with ORO.
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Fig. 1   a Skeletal muscle fibre area in dams (left panel) and offspring 
(right panel). Values are expressed as means of fibre area  ±  SEM. 
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Triacylglycerol Fatty Acid Composition

To further determine if maternal high fat feeding 
resulted in changes in total triacylglycerol content and 
fatty acid composition lipid analysis was performed. In 
the dams, high fat feeding resulted in higher total tria-
cylglycerol content. In the triacylglycerol fraction both 
saturated fatty acid (SFA) and monounsaturated fatty 
acid (MUFA) contents were higher in HFD compared to 
CON. There was no difference in total polyunsaturated 

fatty acid (PUFA) content between HFD and CON 
groups (Table 3).

Lipid analysis of 3 mo old offspring revealed that the 
plantaris muscle is responsive to maternal diet. In agree-
ment with the oil red O results, the pups from the HFD 
dams had a higher total triacylglycerol content. Within the 
triacylglycerol fraction, there was a significant increase in 
SFA, MUFA, PUFA, n3 PUFA, and n6 PUFA in the pups 
from the HFD dams in comparison to the CON pups at 
3 months (Table 4).

Fig. 2   Digitally captured 
images of one single field of 
view (×40 magnification) taken 
from a cross-section of plantaris 
muscle with Oil red O (ORO) 
staining (images on the left rep-
resent CON rats and images on 
the right represent HFD rats)
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Muscle Lipolytic Enzyme Protein Content

In order to determine if the increased lipid content in both 
the dams as well as the pups was due to decreased lipase 
content, HSL, ATGL and CGI-58 protein content were 
measured. High fat feeding did not result in any signifi-
cant changes in plantaris HSL, ATGL, or ATGL co-acti-
vator CGI-58 in offspring either at weaning or 3 months 
of age. Similar results were found in the dams for HSL 
(p  =  0.73), ATGL (p  =  0.07), and CGI-58 (p  =  0.47) 
(Fig. 3a–c).

Muscle PLIN Protein Content

High fat feeding resulted in no significant difference in 
PLIN2 content between pups at weaning or young adult-
hood, or in the dams (Fig.  4a). Pups at young adulthood 
had higher PLIN2 content in comparison to at weaning 
(p  <  0.05). There was no significant effect of diet or age 
on PLIN3 content in offspring. PLIN3 content was higher 

in dams fed HFD compared to control (Fig. 4b; p < 0.05). 
PLIN5 content was significantly higher in offspring from 
HFD dams at weaning and young adulthood (p  =  0.05). 
High fat feeding resulted in no significant difference in 
PLIN5 content between dams (Fig. 4c).

Discussion

This study investigated the effects of a maternal HFD on 
skeletal muscle lipid, PLIN, and lipase protein content of 
offspring at weaning and 3 months of age as well as dams. 
Our results demonstrate for the first time that a maternal 
HFD leads to higher PLIN5 content in offspring at wean-
ing and this effect persists at 3 months of age despite off-
spring being fed a CON diet from weaning onwards. These 
changes in PLIN5 protein content were accompanied by 
higher skeletal muscle triacylglycerol content in the off-
spring. Further, this study provides interesting and novel 
results in regards to developmental changes in PLIN pro-
tein expression, as both PLIN2 and PLIN5 protein content 
decreased from weaning to 3 months of age while PLIN3 
content remained the same. Together, the findings from the 
current study contribute to the growing body of work impli-
cating a role for PLIN proteins in skeletal muscle lipid stor-
age as well as evidence that maternal nutrition may influ-
ence skeletal muscle metabolic function.

At weaning, offspring from the HFD dams were heavier 
and had increased fat pad mass, however this did not con-
tinue into adulthood, as there are no significant differences 
at 3  months of age. This higher adipose tissue mass may 
be attributed to the milk composition during suckling. Oth-
ers have shown that milk obtained from dams fed a HFD 
reflects the diet consumed, exposing offspring to a similar 
diet as the mother while suckling [20, 43, 54]. Interestingly, 
skeletal muscle neutral lipid content of offspring from high 
fat fed dams remained higher than control offspring at 
3  months of age. Lipid analysis of plantaris muscle from 
these offspring revealed that there was a higher triacylglyc-
erol content in pups from the HFD dams in spite of the fact 
that they had been maintained on control diet since wean-
ing. Further analysis demonstrated that this increase was 
due to higher content of SFA, MUFA, PUFA, n3 PUFA, 
and n6 PUFA in the muscle triacylglycerols. In addition to 
changes in lipid content, PLIN5 protein content in offspring 
from high fat fed dams was higher than control offspring 
at weaning as well as at 3  months of age. This indicates 
that maternal diet may have long lasting effects on the abil-
ity of skeletal muscle to store and utilize triacylglycerols. 
Interestingly, Hsieh et  al. [24] demonstrated that PLIN5 
specifically targets lipid droplets composed of mainly tria-
cylglycerols [24]. This may be an adaptive response in an 
attempt to buffer excess dietary lipids into muscle lipid 

Table 3   Dam plantaris triacylglycerol fatty acid composition

Data are expressed as means ± SEM (n = 6 or 7 per group)

SFA saturated fatty acids, MUFA monounsaturated fatty acid, PUFA 
polyunsaturated fatty acid, CON control diet, HFD high fat diet

Fatty acid (nmol/g muscle) Treatment p value

CON dams HFD dams Diet

Total SFA 3.63 ± 0.88 7.56 ± 1.07 0.009

Total MUFA 3.14 ± 0.87 8.66 ± 1.50 0.006

Total PUFA 2.45 ± 0.80 2.91 ± 0.53 0.315

n3 PUFA 0.16 ± 0.07 0.11 ± 0.05 0.257

n6 PUFA 2.29 ± 0.73 2.80 ± 0.51 0.282

Total triacylglycerol 9.22 ± 2.53 19.13 ± 2.94 0.015

Table 4   Three month old offspring plantaris triacylglycerol fatty 
acid composition

Data are expressed as means ± SEM (n = 15 per group)

SFA saturated fatty acids, MUFA monounsaturated fatty acid, PUFA 
polyunsaturated fatty acid, CON control diet, HFD high saturated fat 
diet

Fatty acid (nmol/gram 
muscle)

Treatment p value

CON offspring HFD offspring Diet

Total SFA 6.38 ± 0.59 11.83 ± 2.09 0.009

Total MUFA 6.12 ± 0.68 12.52 ± 2.17 0.004

Total PUFA 3.98 ± 7.8 8.86 ± 1.66 0.004

n3 PUFA 0.36 ± 0.7 0.94 ± 0.22 0.008

n6 PUFA 3.62 ± 7.1 7.92 ± 1.46 0.004

Total triacylglycerol 16.48 ± 1.74 33.21 ± 5.85 0.005
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droplets. Recently, PLIN5 has been shown to localize to 
mitochondria in smooth and skeletal muscle cells [8, 44] 
as well as link lipid droplets to mitochondria [62]. Further, 
overexpression of PLIN5 results in a more intimate inter-
action between the lipid droplets and mitochondria [8]. It 
is possible that the offspring from high fat fed dams have 
an increased interaction between lipid droplets and mito-
chondria due to the increased PLIN5 content, potentially to 
regulate oxidation during muscle lipolysis.

In offspring, regardless of maternal diet, there was a sig-
nificant decline in PLIN2 and PLIN5 protein content from 
weaning to 3 months of age, although, offspring exposed to 
the maternal HFD rather than CON diet had higher PLIN5 
at both time points. This finding is of particular interest, as 
these changes in PLIN protein content do not reflect the 
skeletal muscle lipid content, particularly in the offspring 
from the control fed dams. This is the first study to demon-
strate a potential developmental role for PLIN proteins in 
skeletal muscle. Due to the proposed roles of PLIN2 and 
PLIN5 in lipid droplet growth and synthesis it is possible 
that the higher PLIN2 and PLIN5 content demonstrated at 
weaning in comparison to 3 months of age may be due to 
differences in growth rates at these time points. For exam-
ple, at weaning through 1 month of age, pups gained weight 
more rapidly than between 2 and 3 months of age [37]. To 
support this rapid growth, there is likely a larger influx of 
lipids into skeletal muscle, providing the necessary fuel for 
proper growth and development.

A secondary purpose to this study was to investigate the 
effect of a 16-week HFD on muscle lipid, lipase, and PLIN 
protein content of dams. As expected, the HFD resulted in 
a significant accumulation of intramuscular lipids as well 
as an accompanying increase in total fat pad weight. These 
results are consistent with the theory of adipose tissue 
expandability, where there is a delay in adipocyte hyperpla-
sia and/or the adipose tissue expansion limit is reached and 
lipids accumulate in other tissues [57, 60]. It is also pos-
sible that the accumulation of intramuscular lipids is the 
result of increased skeletal muscle free fatty acid uptake 
and/or reduced lipolysis [6, 38, 39, 45]. Examination of 
the protein content of the rate limiting lipase ATGL, its 

co-activator CGI-58, and HSL revealed no significant dif-
ference in HSL and CGI-58 content between high fat fed 
and control dams, and a 38 % decline in ATGL protein con-
tent in high fat fed dams, although, this change was insig-
nificant (p = 0.07) as shown previously in HF fed mice [3].

Interestingly, higher skeletal muscle lipid content of high 
fat fed dams was accompanied by higher PLIN3 protein 
content. A functional role in skeletal muscle has not been 
confirmed for PLIN3, but studies in other cell types indi-
cate that PLIN3 is involved in nascent lipid droplet expan-
sion as well as new lipid droplet formation [14, 64, 66]. 
Specifically, in response to lipid loading in both HeLa cells 
and adipocytes, PLIN3 appears to move from the cytosol 
and onto lipid droplets indicating a role in lipid droplet 
growth [64, 66]. The present study is the first to demon-
strate increased PLIN3 content within skeletal muscle in 
response to a HFD. Previous work by Badin et al. [3] show 
no significant change in PLIN3 content following 4 weeks 
of a HFD initiated at 5 weeks of age. These apparently dis-
parate findings may be due to differences in rodent species 
studied or to the duration of the diet.

This study did not detect changes in PLIN2 or PLIN5 
protein content in dams fed a HFD. This is interesting 
as it is thought that both PLIN2 and PLIN5 are involved 
with lipid droplet growth and that protein content shadows 
intramuscular lipid content in situations when lipid con-
tent is higher, PLIN2 and PLIN5 contents are also higher 
[41, 48–51, 65]. Further, previous work has demonstrated 
that both PLIN2 and PLIN5 are increased in response to 
high fat feeding [3, 7, 16]. Previously, de Wilde et al. [16] 
demonstrated using both a C2C12 cell line as well as gas-
trocnemius of C57BL/6J mice fed a HFD (45  % kcal of 
palm, olive or safflower oil) that the expression of PLIN2 
increased more in response to unsaturated versus saturated 
fats. Therefore, it is possible that the type of dietary fat dif-
ferentially regulates the expression of each PLIN protein.

The lack of change in PLIN5 content in the present study 
in comparison to the study by Badin et  al. [3] may again 
be due to the duration of the diet and potentially the time 
course of increased PLIN5 expression. HFD of ~4 weeks 
are known to initially increase mitochondrial content and 
oxidation [23], however HFD >4 weeks result in a decre-
ment of mitochondrial content and function [2]. It is pos-
sible that PLIN5 protein content follows a similar pattern 
as the mitochondrial content as recent findings indicate that 
PLIN5 may have a function in mitochondrial fatty acid oxi-
dation [8, 9]. Future work is needed to elucidate this time 
course and the role that these two PLIN proteins may have 
in response to different fatty acids in skeletal muscle lipid 
storage and use.

This study is the first to examine the effects of a HFD on 
skeletal muscle PLIN protein content in offspring as well 
as dams. Our findings show that a maternal HFD may have 

Fig. 3   a HSL protein content (arbitrary units) in dams (left panel) 
and offspring (right panel) with representative Western blot. b ATGL 
protein content (arbitrary units) in dams (left panel) and offspring 
(right panel) with representative Western blot. c CGI-58 protein con-
tent (arbitrary units) in dams (left panel) and offspring (right panel) 
with representative Western blot. Representative blots are shown from 
left as high fat (HF) dam, 21 day old high fat male (HF M21), 21 day 
old high fat female (HF F21), 3 month old high fat male (HF M3), 
3  month old high fat female (HF F3), control dam (CON), 21  day 
old control male (CON M21), 21 day old control female (CON F21), 
3 month old control male (CON M3), and 3 month old control female 
(CON F3)
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long lasting effects on skeletal muscle metabolism in off-
spring, as demonstrated by higher muscle triacylglycerol 
and PLIN5 protein content in young adult offspring of high 
fat fed dams. Dams were also shown to be responsive to 
a HFD. PLIN3 protein content increased in response to a 
16-week HFD, thus indicating that PLIN3 may be impor-
tant in longer-term diet-induced lipid storage in skeletal 
muscle.
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