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RESEARCH ARTICLE
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Abstract
The discovery of effective therapies and of disease mechanisms underlying valosin contain-

ing protein (VCP)-associated myopathies and neurodegenerative disorders remains elu-

sive. VCP disease, caused by mutations in the VCP gene, are a clinically and genetically

heterogeneous group of disorders with manifestations varying from hereditary inclusion

body myopathy, Paget’s disease of bone, frontotemporal dementia (IBMPFD), and amyo-

trophic lateral sclerosis (ALS). In the present study, we examined the effects of higher

dietary lipid percentages on VCPR155H/R155H, VCPR155H/+ andWild Type (WT) mice from

birth until 15 months of age by immunohistochemical and biochemical assays. Findings

illustrated improvement in the muscle strength, histology, and autophagy signaling pathway

in the heterozygote mice when fed 9% lipid-enriched diets (LED). However, increasing the

LED by 12%, 30%, and 48% showed no improvement in homozygote and heterozygote sur-

vival, muscle pathology, lipid accumulation or the autophagy cascade. These findings sug-

gest that a balanced lipid supplementation may have a therapeutic strategy for patients with

VCP-associated multisystem proteinopathies.

Introduction
Inclusion body myopathy associated with Paget’s disease of bone, and frontotemporal demen-
tia (IBMPFD), more recently termed multisystem proteinopathy (MSP), is a progressive, fatal
genetic disorder caused by mutations in the VCP gene [1]. Predominantly, affected individuals
exhibit scapular winging and progressive muscle weakness and die from cardiac and respira-
tory failures [1–4]. Patients may demonstrate a mixture of the three phenotypes or just one
phenotype in isolation. Myopathy is the most common feature, present in nearly ninety per-
cent of affected individuals with patients typically depicting weakness and atrophy of skeletal,
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pelvic and shoulder girdle muscles [2, 5]. Rimmed vacuoles and TAR DNA Binding Protein-43
(TDP-43)-positive ubiquitinated inclusion bodies are hallmarks in IBMPFD patients’muscles
[2, 5, 6, 7].

To date, over 31 mutations in the VCP gene have been identified, with IBMPFD having
been reported in more than 39 families worldwide [8]. Linkage studies have localized the
IBMPFD gene mutation to VCP on chromosome 9p21.1-p12. The most common mutation is
the R155H accounting for approximately 50% of affected individuals. Our IBMPFD patients’
myoblasts have shown impairment in the autophagy transduction cascade [9, 10]. More
recently, global microarray analyses in patients quadriceps muscles have demonstrated the
association of IBMPFD disease with several signaling transduction pathways including abnor-
malities in the actin cytoskeleton, ErbB signaling, cancer, regulation of autophagy and lyso-
somal signaling transduction cascades [11].

Recently, VCP has been implicated at the intersection of the autophagy, a multi-step mecha-
nism responsible for degrading and recycling defective organelles and maintaining cellular
homeostasis [1]. Inhibition of this process plays a critical role in the pathogenesis of several
inherited myopathies [12]. Impaired autophagic degradation is thought to contribute to Alz-
heimer's and Huntington’s diseases, among other neurodegenerative diseases, as well as in
inflammatory disorders [13, 14]. In addition, several studies have shown the involvement of
impaired autophagic degradation in the pathogenesis of other human myopathies such as
Pompe disease [15] and sporadic inclusion body myositis (sIBM) [16].

Our heterozygous VCPR155H/+ mouse model at 12-months of age with the common disease-
related R155H VCPmutation mimics human VCP-associated myopathy, including progressive
muscle, bone, spinal cord and brain pathology [17, 18]. We developed the R155H homozygous
(VCPR155H/R155H) mouse model to provide a rapid mouse model exhibiting progressive muscle
weakness starting from birth and accelerated pathology including in muscle, spinal cord, brain,
and heart muscles[19]. This unique model has provided a significant advancement in the
understanding of the underlying pathophysiological mechanisms in the hopes of discovering
effective and safe therapeutic strategies to treat VCP disease [20].

Our previous findings reported on feeding 9% lipid-enriched diet (LED) to pregnant hetero-
zygous VCPR155H/+ dams produced large litters of homozygous VCPR155H/R155H offspring that
appeared healthy, active, and lived longer, for several months, compared to the maximum 21
day survival observed in mice fed a normal chow [21]. In this report, we first investigated the
beneficial effects of the 9% lipid-enriched diet on the heterozygote VCPR155H/+ mice, as they
have the R155H mutation on one allele, the same genetic mutation as patients suffering with
VCP-associated disease. We found that the 9% lipid-enriched diet had a significant beneficial
effect on the pathology in heterozygote VCPR155H/+ mice, with improved muscle strength and
architecture as well as decreased expression of autophagy markers, LC3 and p62/SQSTM1.
The benefit was most apparent with early intervention. Secondly, we investigated whether
increasing the lipid diets to 12%, 30%, and 48% would further slowdown the progression of
VCP-associated disease, offering a novel treatment strategy. However, our results showed no
improvement in survival, muscle pathology or the autophagy cascade with these increased
lipid diets. Therefore, these findings suggest that balanced lipid supplementation may offer a
promising therapeutic option for patients with VCP-associated neurodegenerative diseases.

Materials and Methods

Ethics Statement and Animal Models
This study was carried out in strict accordance with the recommendations and procedures out-
lined in the Guide for the Care and Use of Laboratory Animals of the National Institutes of
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Health under Assurance Number A3873-1. Experiments were conducted with the approval of
the Institutional Animal Care and Use Committee (IACUC Protocol #2007-2716-2) of Univer-
sity of California-Irvine (Irvine, CA). All efforts were made to minimize suffering. Animals
were housed at the University of California-Irvine vivarium and maintained as previously
described [21]. Mouse genotyping was performed at Transnetyx Inc. (Cordova, TN).

Animal Diet Regimens
VCPR155H/+ heterozygote pregnant dams were chosen for this study and placed on the ad libi-
tum lipid-enriched diet (2019X Teklad Rodent Diets, Harlan Laboratories Inc., Madison, WI)
(9%, 12%, 30%, and 48% LED) or standard normal diet (2020X). At weaning, the heterozygotes
(VCPR155H/+), homozygotes (VCPR155H/R155H), and Wild Type (WT) mice were separated and
continued to receive the same diet. Mice were genotyped as previously described [21].

Grip Strength and Rotarod Measurement Studies
Muscle strength of the forelimbs of VCPR155H/+ and WT animals on the normal diet (6%) and
LED (9%, 12%, 30%, and 48%) were measured on at 6–12- and 15- months using a Grip
Strength Meter apparatus (TSE Systems Gmbh, Hamburg, Germany) as described previously
[22].

To assess Rotarod performance measurements, VCPR155H/+ andWT animals on the normal
diet and LED (9%, 12%, 30%, and 48%) were measured at 15- months of age. Mice were placed
on the Rotarod apparatus, which was set to accelerate from 4 to 40 rpm in 5 minutes. Mice per-
formed three trials with 45-minute to 60-minute intertrial intervals on each of two consecutive
days.

Histological Analyses
Fifteen month old WT and VCPR155H/+ quadriceps muscles were harvested. Hematoxylin and
Eosin staining was performed and analyzed by light microscopy (Carl Zeiss, Thornwood, NY).
Oil Red O staining was performed on the mice of varying diets (9%, 12%, 30% and 48%) using
routine methods and analyzed by light microscopy (Carl Zeiss). For immunohistochemical
analyses, sections were stained with TDP-43 (1:3,000 dilution; rabbit monoclonal anti-TDP-43
antibody Cat. No. #ab109535, Abcam, Cambridge, MA), p62/SQSTM1 (1:5,000 dilution; rabbit
polyclonal anti-SQSTM1/p62 antibody, Cat. No. #ab91526, Abcam, Cambridge, MA), and
LC3-I/II (1:3,000 dilution; rabbit polyclonal anti-LC3 B antibody, Cat. No. #ab64781, Abcam,
Cambridge, MA) and mounted as previously described [21].

Western Blot Analysis
Fifteen month old VCPR155H/+ andWT quadriceps muscles were harvested and extracted
using the NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo Scientific). Protein con-
centrations were determined using the Nanodrop and separated on Bis-Tris 4–12% NuPAGE
gels (Invitrogen Life Technologies Inc., Carlsbad, CA). Expression levels of proteins were ana-
lyzed by Western blotting using ubiquitin (1:5,000 dilution; rabbit polyclonal anti-ubiquitin
antibody, Cat. No. #ab7780, Abcam, Cambridge, MA), optineurin (1:5,000 dilution; rabbit
polyclonal anti-optineurin antibody, Cat. No. #ab23666, Abcam, Cambridge, MA), p62/
SQSTM1 (1:5,000 dilution; rabbit polyclonal anti-SQSTM1/p62 antibody, Cat. No. #ab91526,
Abcam, Cambridge, MA), TDP-43 (1:5,000 dilution; rabbit monoclonal anti-TDP-43 antibody
Cat. No. #ab109535, Abcam, Cambridge, MA), LC3-I/II (1:3,000 dilution; rabbit polyclonal
anti-LC3 B antibody, Cat. No. #ab64781, Abcam, Cambridge, MA), acid phosphatase (1:3,000
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dilution; rabbit monoclonal anti-acid phosphatase antibody, Cat. No. #ab166896, Abcam,
Cambridge, MA), and lysosomal acid lipase (LAL) (1:5,000 dilution; rabbit polyclonal anti-
lysosomal acid lipase antibody, Cat. No. #ab154356, Abcam, Cambridge, MA), mucolipin-1
(TRPML1) (1:1,000 dilution; rabbit polyclonal anti-TRPML1-specific antibodies, Cat. No.
ab74857 Abcam, Cambridge, MA). Equal protein loading was confirmed by β-actin antibodies
(1:20,000 dilution; mouse monoclonal anti- β-actin antibody, Cat. No. #ab6277, Abcam, Cam-
bridge, MA) staining. These antibodies were previously validated in our most recent publica-
tions [21, 23, 24]. These experiments are representative of triplicates.

Statistical Analysis
We compared the aforementioned studies—including grip strength and Rotarod performance
studies, among normal diet and various lipid-enriched diet-fed VCPR155H/+ and WTmice
using mixed model analysis of variance (one-way ANOVA). We used the Kaplan-Meier curve
analysis with log-rank tests (P< 0.01) for survival studies (VCPR155H/R155H, VCPR155H/+ and
WTmice).

Results

VCPR155H/+ heterozygotes mice fed 9% LED from birth illustrate no VCP
disease pathology
To assess the short-term and long-term effects of LED, we performed histological analysis
of quadriceps muscle in heterozygous VCPR155H/+ and WT littermates. We placed the
VCPR155H/+ pregnant dams on a 9% LED from birth and monitored their survival as well as
prevention of muscle pathology. Improved grip strength measurements were noted in the
VCPR155H/+ mice on the LED from birth in comparison to the VCPR155H/+ mice on a normal
diet (ND) (Fig 1A). Remarkably, the VCPR155H/+ heterozygote animals showed delayed onset
of pathology at later ages. We also placed VCPR155H/+ mice on 9% LED at 7 months of age after
a normal diet of 6% fat from birth and discovered that the diet was able to significantly prevent
muscle pathology, however, less effectively than from birth (Fig 1B–1D). Western blot analyses
of ubiquitin and LC3-I/II expression levels showed no significant changes in WT and
VCPR155H/+ on a 9% LED vs. ND starting at 7 months of age (p> 0.05, Fig 1E). Autophagy
markers p62/SQSTM1 and TDP-43 (total fractions) showed slightly increased expression levels
in VCPR155H/+ mice after 7 months on 9% LED when compared to VCPR155H/+ fed ND (Fig
1E). However, optineurin levels in the VCPR155H/+ mice after 7 months on 9% LED showed a
significant decrease when compared to VCPR155H/+ fed ND (p = 0.05). No significant differ-
ences were observed between WT and heterozygotes on the ND vs. the 9% LED. Moreover,
these Western blot results were confirmed using densitometry analyses (Fig 1F).

Survival rates for VCP heterozygotes and homozygotes mice fed on
varying LEDs
We placed pregnant heterozygote dams on a lipid-enriched diet (2019X Teklad Global Rodent
Diet) versus the normal diet (2020X Teklad Global Rodent Diet) and monitored the survival of
the VCPR155H/+, VCPR155H/R155H and WT offspring (Fig 2A, 2B and 2F). VCPR155H/R155H

homozygous mice on a normal diet did not survive till weaning and were too weak for strength
measurements (p< 0.05). The Kaplan-Meier survival rate amongst homozygous VCPR155H/

R155H animals improved drastically on the 9% lipid-enriched diet versus their littermates on the
normal diet (p� 0.001) (Fig 2B), however, the diet did not completely reverse the lethality. Sur-
vivals for the homozygous VCPR155H/R155H animals on higher LEDs significantly deteriorated
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as higher LEDs were lethal; and therefore, they were not included for the remainder of the
study (Fig 2C–2F, as shown in green). Pregnant dams did not produce large litters as was
observed with the 9% LED, instead litters were small and produced very few or no VCPR155H/

R155H homozygotes. There was no considerable difference in survival between age- and sex-
matched WT and VCPR155H/+ animals on the normal diet versus the 12% LED, however with

Fig 2. Survival curves of WT, VCPR155H/+, and VCPR155H/R155H mice on normal and varying lipid-
enriched diets. Kaplan-Meier survival probability (%) analysis for theWT, VCPR155H/+, and VCPR155H/R155H

pregnant dams placed on the (A) 6% normal diet, (B) 9% LED, (C) 12% LED, (D) 30% LED, and (E) 48%
LED. (F) Combined survival curve of all the LED regimens for the WT, VCPR155H/+, and VCPR155H/R155H. The
number of mice analyzed per experiment is 35–40.

doi:10.1371/journal.pone.0131995.g002

Fig 1. Grip strength measurements and histological analyses of WT and VCPR155H/+ mice on normal
and 9% LED. (A) Grip strength measurements for the WT (blue) and VCPR155H/+ (red) mice placed on the 6%
ND from birth and VCPR155H/+ mice placed on the 9% LED from birth (purple) and at 7 months of age onwards
(green). H&E staining onWT and VCPR155H/+ on (B) ND (pathology shown by white arrows, right panel), (C)
9% LED from birth, and (D) 9% LED beginning at 7 months of age onwards (pathology shown by white
arrows, right panel). (E) Western blot analyses of WT and VCPR155H/+ animals fed either ND or 9% LED. (F)
Densitometry analyses relative to loading control (Beta-actin). Statistical significance is denoted by
*P� 0.05.

doi:10.1371/journal.pone.0131995.g001
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the 30% LED and 48% LED there was a significant drop in survival of homozygous VCPR155H/

R155H and heterozygous VCPR155H/+ mice (Fig 2C–2F, as shown in red and blue).

Increasing LEDs illustrate pathology and lipid droplets in VCPR155H/+

heterozygotes mice
To evaluate the effects of varying percentages of LEDs, we analyzed grip strength and Rotarod
performance measurements. Grip strength analyses of the VCPR155H/+ mice on 30% and 48%
revealed decreased strength while no differences were observed in 12% when compared to
mice on the ND (Fig 3A). Rotarod performance measurements depicted decreased motor coor-
dination in VCPR155H/+ mice on 30% and 48% LED (Fig 3B).

Next, we performed histological analysis of quadriceps muscles in age- and sex-matched
heterozygotes and WT littermates. By Hematoxylin and Eosin (H&E) staining, heterozygous
VCPR155H/+ mice on the increased LEDs (12%, 30%, and 48%) showed centrally localized
nuclei, increased endomysial space between the muscle fibers, abnormal mitochondrial pathol-
ogy and neurogenic changes, similar to patients with VCP-associated disease. These results
were not seen in the heterozygous VCPR155H/+ mice fed the 9% LED (Fig 3C and 3D, as shown
by arrows and magnified insets).

Our previous study showed increased generation of lipid granules by Oil red O staining in
our homozygous VCPR155H/R155H mice fed a 6% ND, which was corrected by the 9% LED.

Fig 3. Strength measurements and histological stainings of quadriceps muscle of WT and VCPR155H/+

mice on normal and different lipid-enriched diets. (A,B) Grip strength and Rotarod measurements
analyses at 15-months of age, (C,D) H&E and (E,F) Oil Red O staining of quadriceps muscle fromWT and
VCPR155H/+ animals placed on the 9%, 12%, 30%, and 48% LED from birth. The number of mice analyzed
per experiment is 8–10. Insets showmagnified pathology, including rimmed vacuoles (orange arrows),
atrophy (blue arrows), centralized nuclei (green arrows), and increased lipid droplets (white arrows).

doi:10.1371/journal.pone.0131995.g003
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Therefore, we analyzed Oil Red O staining in our heterozygous mice fed the varying LEDs. WT
and VCPR155H/+ mice on the 9% LED did not reveal lipid accumulation (Fig 3E and 3F). How-
ever, VCPR155H/+ animals displayed progressive accumulation of lipid droplets in muscle quad-
riceps fibers on the increased LEDs (12%, 30%, and 48%) in comparison to our WT mice
which showed no accumulation of lipid droplets apart from those fed the 30% and 48% LEDs
(Fig 3E and 3F). Therefore, we hypothesize that feeding a balanced diet, including 9% lipids,
59.6% carbohydrate and 19% protein (Table 1) seems sufficient to normalize the lipid abnor-
malities, further highlighting their pathological relevance in VCP disease.

Autophagy flux in VCPR155H/+ heterozygotes mice fed on increasing
LEDs
Previously, we have identified a dysfunction in the autophagic signaling cascade via
accumulation of autophagy intermediates, such as p62/SQSTM1 and Light Chain LC3-I/II, in
VCPR155H/+ animals versus their WT littermates [19, 23]. To assess the effects of LEDs on
VCPR155H/+ animals versus their WT littermates, we monitored autophagy flux by detection of
endogenous LC3-I/II modification, ubiquitin-positive and p62/SQSTM1-positive inclusions.

In comparison to the WT mice, the VCPR155H/+ mice on increasing LED displayed compa-
rable levels of ubiquitin, however, decreased levels of LC3-I and LC3-II protein expressions, as
well as reduced levels in p62/SQSTM1 protein (Fig 4D and 4E). Interestingly, magnified insets
revealed increased p62 puncta aggregates in the heterozygous VCPR155H/+ mice on the 30%
and 48% LED, suggesting increased autophagy dysregulation, even though there was decreased
levels of p62 overall (Fig 4A–4C, magnified insets). Furthermore, we examined the TDP-43
aggregates (nuclear to cytoplasmic translocation) in the VCPR155H/+ animals versus their WT
littermates and showed nuclear TDP-43 expression, suggestive of a reduced pathological phe-
notype (Fig 4A–4C, indicated by white arrows). Western blot and densitometry analyses of ubi-
quitin, LC3-I/II, p62/SQSTM1, and TDP-43 confirmed these findings (Fig 4D and 4E).

Our results indicate that increased percentages of LEDs had a detrimental effect in muscle
pathology and expression of autophagy markers in VCPR155H/+ mice. Overall, these results
indicate that systemic alterations in lipid metabolism may underlie the muscle-specific pathol-
ogy of VCPR155H/+ mice.

Effects of varying LEDs on the expression of lysosomal enzymes in
VCPR155H/+ heterozygotes mice
The availability of lysosomal enzymes is necessary for the successful degradation of proteins
via the autophagy-lysosomal pathway. To evaluate the effects of increasing percentages of
LEDs (12%, 30%, and 48%) on the lysosomal enzyme pathway, we performedWestern blot
analyses (Fig 5A). We found that levels of the acid phosphatase were significantly decreased in
VCPR155H/+ mice (either ND or 9% LED) as compared to their WT littermates (Fig 5A).

Table 1. Percentage of macronutrients for each specific normal diet (ND) and lipid-enriched diet (LED).

Macronutrients (%)
Lipid Carbohydrate Crude Protein

6% ND 6.5 62 19.1

9% LED 9.0 59.6 19.0

12% LED 12.2 55.3 17.7

30% LED 30.2 38.2 17.7

48% LED 48.2 21.3 17.7

doi:10.1371/journal.pone.0131995.t001
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Interestingly, the VCPR155H/+ andWT mice on the 48% LED depicted decreased expression
levels of acid phosphatase (Fig 5A). However, we determined that the lysosomal acid lipase
(LAL) protein expression in the VCP quadriceps’ lysates was unaffected on the ND or on the
LEDs (Fig 5A). Densitometry analyses confirmed these Western results (Fig 5B and 5C).

Fig 5. Effects of LED on the expression of lysosomal enzymes in the quadriceps of WT and VCPR155H/+

mice on normal and different lipid-enriched diets. (A) Western blot analyses of protein expression levels
of acid phosphatase, lysosomal acid lipase in WT and VCPR155H/+ knock-in animals on varying ND (6%), 9%,
12%, 30%, and 48% lipid-enriched diets (LED). (B,C) Densitometry analyses of acid phosphatase and LAL
from various diets relative to loading control (Beta-actin). Statistical significance is denoted by *P� 0.05. The
number of mice analyzed per experiment is 8–10.

doi:10.1371/journal.pone.0131995.g005

Fig 4. Autophagy influx in the quadriceps of WT and VCPR155H/+ mice on normal and different lipid-
enriched diets. Immunohistochemical histological analyses comparingWT and heterozygote VCPR155H/+

knock-in animals on varying 12%, 30%, and 48% lipid-enriched diets stained with (A) TDP-43 (white arrows),
(B) p62/SQSTM1, and (C) LC3-I/II. (D) Western blot of WT and heterozygote VCPR155H/+ knock-in animals on
varying 12%, 30%, and 48% lipid-enriched diets analyzed for ubiquitin, optineurin, p62/SQSTM1, TDP-43,
LC3-I/II, and Mucolipin (TRPML1). Magnified insets and white arrows indicate increased p62/SQSTM1
autophagic puncta, LC3 and TDP-43 protein expression translocated from the nucleus to the cytoplasm. (E)
Densitometry analyses relative to loading control (Beta-actin). Statistical significance is denoted by
*P� 0.05. The number of mice analyzed per experiment is 8–10.

doi:10.1371/journal.pone.0131995.g004
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Discussion
Several studies have previously demonstrated that high fat diets (HFDs) provide powerful ther-
apeutic platforms for many diverse neurological disorders including Alzheimer’s disease (AD),
Parkinson disease (PD), multiple sclerosis (MS), ALS, and epilepsies [25–30]. Many studies
have also shown improvement of neurological deficits, skeletal muscle homeostasis, regulation
of autophagy flux, and a reduction of mitochondrial myopathies in mice fed a LED [31–33].
One such study investigated the effects of ketogenic diet (KD) on the features of children with
drug therapy-resistant epilepsy and found that KD significantly reduces the frequency of epi-
leptic discharges and demonstrates good clinical efficacy [34]. Similarly, another investigation
examining the effects of KD in patients with argininosuccinate lyase (ASL) deficiency showed
no metabolic derangement and was well tolerated in patients treated with a protein restriction
[35]. Moreover, recent studies using animal models have also shown the neuroprotective prop-
erties of KD [36, 37].

In our previous investigation, we discovered that a diet with 2.5% increased lipids (9% LED)
reversed the lethal phenotype of the VCPR155H/R155H homozygote animals with significantly
improved muscle and bone pathology, motor activity as well as myopathic and mitochondrial
staining at three weeks of age [21]. Remarkably, we were able to reverse the lethal phenotype,
death by 21 days of age, and increase the survival rate in VCPR155H/R155H mice to over one year,
by placing pregnant dams on a 9% LED. Homozygous VCPR155H/R155H animals showed normal
histology of quadriceps muscle fibers, increased muscle strength and a slower progression of
the disease in the survivors on the LED [21]. However, the LED did not prevent fatal progres-
sion of the disease in the mutant VCPR155H/R155H mice [21]. Therefore, we hypothesized that
further increasing lipids in the mouse diet may lead to increased amelioration of the VCP path-
ological phenotypes. In this report, we investigated the progressive course of the homozygous
and heterozygote phenotype by monitoring the muscle strength, quadriceps muscles and
autophagy dysfunction in animals on normal and increasing lipid-enriched diets (9%, 12%,
30%, and 48%).

To understand the pivotal role of the LEDs in VCP disease, we determined their effects on
our novel mouse models: VCPR155H/R155H and VCPR155H/+ mice. Initially, we investigated the
effects of 9% LED, to uncover if the diet would have any benefit to the heterozygote mice. Our
heterozygote mice display the typical phenotypical features as observed in patients, with a
point mutation in one allele and later onset of disease, typically 6-months of age, becoming
severe around 15-months of age [23]. When we placed one VCP heterozygote cohort on a 9%
LED from birth and one cohort from 7 months of age, we found the VCP heterozygote mice,
just like the homozygote mice had delayed onset of muscle pathology. Benefits included
increased muscle strength and decreased pathology in both animal cohorts. However, the bene-
fit was more pronounced from birth than 7-months of age. This finding suggests genetic
screening of families with VCP pathology and early intervention may provide the best clinical
outcomes for patients.

Subsequently, we examined the effects of increased lipid diet content on amelioration of
muscle pathology in VCP-associated disease. To our surprise, we found that placing mice on a
diet regimen with increased lipid-enriched diets (12%, 30%, and 48%) had detrimental effects
on survival and muscle pathology of the homozygotes and heterozygote mice. H&E staining of
the 15-month old heterozygote VCPR155H/+ animals displayed centrally localized nuclei and
increased endomysial space between the fibers of muscle quadriceps. 15-month old heterozy-
gote VCPR155H/+ mice on the 30% and 48% LEDs revealed decreased strength while no differ-
ences were observed in 12% LEDs when compared to age- and sex-matched heterozygote
VCPR155H/+ mice on ND. Rotarod performance measurements depicted decreased motor

Balance of Lipids Improves Pathology in VCPMultisystem Proteinopathy

PLOS ONE | DOI:10.1371/journal.pone.0131995 July 2, 2015 9 / 13



coordination in VCPR155H/+ mice on 30% and 48% LEDs. Interestingly, no significant correla-
tion was found between the weights and grip strength and Rotarod measurements in these
mice (P> 0.05). The relationship between obesity and strength and Rotarod performance mea-
surements will be further investigated in a future study and the results will be the subject of a
future report.

These findings could potentially suggest compromised skeletal muscle homeostasis, and
impaired mitochondrial metabolism and autophagy-lysosomal pathways. Autophagy is a criti-
cal catabolic process necessary for cell growth, development and homeostatic levels of cellular
products, and more recently a role in regulating glucose metabolism has been identified. Evi-
dence suggests a molecular link between autophagy and cellular metabolism [38, 39], and thus
is important in times of survival during fasting and for reprogramming of cell metabolism [39].

Studies have demonstrated the importance of autophagy in maintaining protein homeosta-
sis and quality control of cellular milieu. However, mechanisms underlying neurodegeneration
due to autophagy dysfunction remain unknown. In our study, heterozygous mice placed on
increasing diets (12%, 30%, and 48%) showed quadriceps muscle pathology, suggesting autop-
hagy dysfunction and a potential autophagolysosome block. Furthermore, the VCPR155H/+ ani-
mals on increasing LED demonstrated comparable ubiquitin and TDP-43 levels, but decreased
expression levels of p62/SQSTM1 and LC3 autophagy intermediates in the quadriceps muscles
when compared to VCPR155H/+ animals on a normal diet. The VCPR155H/+ animals on the 48%
LED illustrated a slight decrease in the level of expression of TRPML1 protein, suggestive of
increased of lipid accumulation, leading to a block in lysosomal trafficking. A study by Shen
et al. (2012) demonstrated that increases in the level of expression of TRPML1 protein leads to
lipid accumulation and correction of the block in lysosomal trafficking [40]. Similarly, a more
recent study by Cheng et al. (2014) showed TRPML1 is required for membrane repair in skele-
tal muscle to prevent muscular dystrophy [41]. Interestingly, we observed lipid accumulation
in the 30% and 48%WT and VCPR155H/+ mice quadriceps, suggestive of increased lipotoxicity,
thereby resulting in an autophagolysosomal block in the autophagy cascade. Additionally,
these animals depicted increased levels of acid phosphatase and LAL, thereby suggesting an
interesting relationship in the functionality of the autophagy-lysosomal cascade in VCP
disease.

In conclusion, the ability of a fine balance of LEDs to potentially provide a protective effect
against fatty acid-induced lipotoxicity and therapeutic effects may allow various mechanisms
of repair and growth of skeletal muscle tissue. However, it seems likely that other mechanism
systems, such as modification of autophagy and mitophagy, may also play a role in the pro-
longed survival and improved pathology of the homozygous VCPR155H/R155H and heterozygous
VCPR155H/+ mice. We speculate that the decrease in autophagy, acid phosphatase and LAL
markers may also represent an adaptive mechanism in the presence of increasing fats to
degrade proteins. The present findings using the in vivomodel offer the prospect of elucidating
the pathophysiological mechanisms and clinical translation to novel therapies to treat patients
with VCP and associated neurodegenerative diseases. Further dissection of the lipid metabo-
lism and its association to autophagic, metabolic, mitophagic signaling transduction pathways
are required and could provide insights for future therapeutic clinical applications.
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