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Ubiquitin C-terminal hydrolase L1 (UCHL1) is a deubiquitinating enzyme that was originally
found in neurons. We found that UCHL1 is highly expressed in slow oxidative skeletal
muscles, but its functions remain to be fully understood. In this study, we observed that
UCHL1 protein levels in skeletal muscle and C2C12 myotubes were downregulated by
fasting or glucose starvation respectively. Skeletal muscle selective knockout (smKO) of
UCHL1 resulted in a significant reduction of lipid content in skeletal muscle and improved
glucose tolerance. UCHL1 smKO did not significantly change the levels of key proteins
involved in oxidative metabolism such as SDHA, Akt, or PDH. Interestingly, while the levels
of the major lipases and lipid transporters were unchanged, perilipin 2 was significantly
downregulated in UCHL1 smKO muscle. Consistently, in C2C12 myotubes, UCHL1
siRNA knockdown also reduced perilipin 2 protein level. This data suggests that
UCHL1 may stabilize perilipin 2 and thus lipid storage in skeletal muscle.
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INTRODUCTION

Skeletal muscle is the largest tissue in the body and is critical for metabolism. Skeletal muscles are
highly heterogenous and plastic in terms of metabolism and contractility. Based on the nature of their
metabolism and contractile activities, skeletal muscle fibers are roughly classified as slow oxidative
(type I), fast oxidative (type IIa and IIx), and fast glycolytic (type IIb) fibers (Schiaffino and Reggiani,
2011). The oxidative fibers can use both glucose and fatty acids as energy fuels to generate ATP. The
ability of muscle fibers to shift fuel preferences due to various factors and stimuli is known as
metabolic plasticity (Kelley, 2005). Skeletal muscle metabolic plasticity is attenuated or diminished in
obesity, diabetes, and aging (Storlien et al., 2004), suggesting that metabolic plasticity is critical for
whole body metabolic homeostasis.

Fatty acids oxidation (FAO) is the major energy source for oxidative skeletal muscles (Hirabara et al.,
2007; Silveira et al., 2008; Turner et al., 2014; Lundsgaard et al., 2018). Free fatty acids (FFAs) are taken up
into cells via specific fatty acid transport proteins such as CD36 and fatty acid binding protein (FABP). In
the cytosol, FFAs are converted into acyl-coenzyme A (CoA), which is the substrate for FAO as well as
lipid synthesis. FAO is carried out in mitochondria through a cyclic process of a series of enzymatic
reactions. Muscle lipid homeostasis is determined by fatty acid uptake, β-oxidation, lipid synthesis, and
lipolysis (Kelley, 2005; Houten et al., 2016). Intramuscular lipid content is increased with excess fatty acids
availability or reduced fatty acid oxidation (Dyck et al., 1997). Impaired fatty acid metabolism and
increases intramuscular lipid accumulation in obesity are linked to muscle inflammation (Das, 2001;
Reidy et al., 2018) and insulin resistance (Stein and Wade, 2005; Koves et al., 2008; Turcotte and Fisher,
2008; Samuel et al., 2010; Dirks et al., 2016; Dominguez and Barbagallo, 2016; Lalia et al., 2016). On the
other hand, endurance exercise training also increases intramuscular lipid, which does not cause insulin
resistance but rather increases insulin sensitivity. This phenomenon is known as the athletic paradox
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(Goodpaster et al., 2001; Dubé et al., 2008). These facts suggest that it
is not the static intramuscular lipid content but the lipidmobilization
of the stored lipid that is critical for muscle metabolism and insulin
sensitivity. The regulation of intramuscular lipid storage and
utilization remain to be fully understood.

The excess FFA in the cytosol will be converted to triglyceride
(TG) and stored in lipid droplets (LDs) in the cells (Wang, 2016;
Ogasawara et al., 2020) as intramuscular lipids. LDs are the dynamic
organelles that control lipid synthesis, storage, mobilization, and
lipolysis (Walther and Farese, 2012; Olzmann and Carvalho, 2019).
LDs contain neutral lipid enveloped with a phospholipid monolayer
embedded with several proteins. The most abundant LD associated
proteins are perilipins (Kimmel et al., 2010). Of five members of
perilipin family, perilipin 2, 3, and 5 are expressed in skeletal muscle
and perilipin 2 is best characterized for its function in regulation of
LDs and muscle lipid content (Conte et al., 2016). Perilipin 2 is
positively correlated with muscle lipid content (Minnaard et al.,
2009). Perilipin 2 protein can be degraded through chaperone-
mediated autophagy pathway (Kaushik and Cuervo, 2015) or
ubiquitin-proteasome pathway (Xu et al., 2005; Masuda et al., 2006).

Ubiquitin C-terminal hydrolase L1 (UCHL1) is highly
expressed in the nervous system and functions as a
deubiquitinating enzyme. UCHL1 is also expressed in some
peripheral tissues, including pancreas, liver, some cancer
tissues, as well as skeletal muscles, yet its function in skeletal
muscle needs to be better understood. Our recent work showed
that skeletal muscle UCHL1 is involved inmTORC1 activity (Gao
et al., 2019). In this study, we report that muscle UCHL1 affects
intramuscular lipid metabolism by stabilizing perilipin 2.

METHODS

Animals
All experimental protocols and use of animals in this study were
reviewed and approved by the University of South Dakota
Institutional Animal Care and Use Committee (IACUC) and
followed the NIH guideline of animal use in research under
protocol No. 1-03-19-22D. As previously mentioned (Gao et al.,
2020), the mouse line carrying floxed UCHL1 was generated from a
strain of “UCHL1 HEPD0603_7_h04” provided by the UK Medical
Research Council on behalf of the European Mouse Mutant Archive
(EMMA). The mouse strain with skeletal muscle specific knockout
(smKO) of UCHL1 was generated by crossing a mouse carrying
floxed UCHL1 and a mouse expressing cre under the skeletal muscle
specific myosin light polypeptide promoter (The Jackson Laboratory,
stock # 024713). For genotyping as well as for identification, a singular
toe was taken from each new born mouse around 5 days after birth.
The genomeDNAwas extracted from the toe tissue using protease K
digestion method. The genotype of each mouse was confirmed using
PCR with primers for floxed UCHL1 and Cre.

Glucose Tolerance and Insulin Tolerance
Tests
Glucose tolerance testing (GTT) and insulin tolerance test (ITT)
were done in 3-month-old WT and UCHL1 smKO mice. Both

groups of mice were trained for several days before testing by
placing the mice in a 50 ml tube for 2 minutes and allowing them
to adapt to the testing environment. Food was removed from
cages the night prior to testing to allow for a 1̴2 h fasting period.
Mice were placed in the tube for 1 min, a cut was made at the end
of the tail and the blood glucose was measured using a OneTouch
Ultra 2 blood glucose meter (LifeScan, Pennsylvania,
United States). Blood glucose was taken before (baseline) and
at 15, 30, 60, 90, and 120 min after intraperitoneal injection of
glucose solution (2 g/kg) or insulin saline (2 U/kg). The glucose
tolerance curves were generated and the areas under curve (AUC)
were analyzed using GraphPad Prism 9.0.

Tissue Collection
As previously described (Gao et al., 2020), mice were anesthetized
using isoflurane (3–4%). Muscles of the hind limb were exposed
by removing the skin. The soleus (slow oxidative fibers) and
extensor digitorum longus (EDL) (fast glycolytic fibers) muscles
were collected in DNase/RNase free tubes and frozen on dry ice
for Western blot assay. For tissue staining, soleus muscles were
isolated and snap frozen in pre-chilled 2-methylbutane (Kumar
et al., 2015), then embedded in optimal cutting temperature
compound (OCT) on dry ice and stored at −70°C for future
cryosectioning. Muscles were sectioned into 10-15 µm sections
and adhered onto slides for staining.

Muscle Staining
Intramuscular lipid was stained using Bodipy or oil red O
staining.

Bodipy staining was based on published works (Spangenburg
et al., 20112011; Qiu and Simon, 2016) with minor modifications.
Slides were removed from the −70°C freezer and immediately
fixed with 4% paraformaldehyde (PFA) for 15 min. Slides were
then washed in PBS 3 times for 5 min each, and then incubated
for 30 min at room temperature in a Bodipy 493/503
(ThermoFisher, D3922) in DMSO with a concentration of
3.8 mM. Following 3 washes in PBS for 5 min each, slides
were mounted with Fluoromount-G solution (Southern
Biotech, 0100-01) for imaging.

The oil red o staining was performed using the oil red o kit
(VitroVivo Biotech, VB-3007) following the manufacturer’s
protocol with modifications. Slides were brought to room
temperature for 30 min and fixed in 10% formalin for 20 min,
followed by 30 min of air drying at room temperature. Slides were
submerged in the pre-stain solution for 5 min, then incubated in
pre-warmed Oil Red O solution at 60°C for 10 min, and
immediately submerged into pre-warmed differentiating
solution for 5 min at 60°C. The slides were removed from the
solution and rinsed in 2 changes of Milli Q pure water before
submerging in Myers Hematoxylin solution for 20–30 s at room
temperature. The slides were then washed with tap water for
3 min, rinsed with Milli Q pure water, then mounted with
Fluoromount-G solution (Southern Biotech, 0100-01).

For fluorescent staining for type I muscle fiber and UCHL1,
muscle sections were fixed with 4% paraformaldehyde, washed
with PBST, and incubated overnight with mouse antibody for
type I myosin heavy chain (Developmental Studies Hydridoma
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Bank, BA-D5) and rabbit antibody for UCHL1 (Abcam,
ab108986). Following 3 washes with PBST, the sections were
incubated with secondary antibodies goat-anti-mouse conjugated
with Alexa-488 and goat-anti-rabbit conjugated with Alexa-594
(Invitrogen). Following 3 washes with PBST, the sections were
mounted with Fluoromount-G and imaged using a fluorescent
microscope (Olympus).

Cell Culture and Gene Knockdown
As previously described (Antony and Li, 2020), C2C12 myoblasts
were cultured in complete media (CM) made of dulbecco’s
modified eagle’s medium (DMEM, ThermoFisher-Gibco)
containing 10% fetal bovine serum (FBS), 1% penicillin-
streptomycin, and 1% HEPES. For glucose and serum
starvation experiments, fully confluent cells were switched into
fresh CM, incomplete media (ICM, FBS free), or FBS-free and
glucose-free media (NG) overnight and then harvested for
Western blot. To achieve UCHL1 knockdown (KD), once fully
confluent the cells were switched into 1 ml ICM and treated with
a mixture of Lipofectamine RNAiMAX (ThermoFisher,
13,778,075) and UCHL1 siRNA (IDT) for approximately 8 h.
Following this, 1 ml of differentiating media (DM) made of
DMEM containing 2% horse serum, 1% penicillin-
streptomycin, and 1% HEPES was added to the cells.
Following the overnight incubation, cells were switched to
2 ml of fresh DM. DM was changed every 72 h for a total
incubation time of 12 days before being harvested for Western
blot (WB).

Total Protein Extraction and Western Blot
Soleus muscle tissues were homogenized in 1X RIPA buffer
containing 1% protease inhibitor cocktail (Research Products
International, P50600-1), 1% phosphatase inhibitor cocktail
(Research Products International, P52104-1), 0.1% SDS, and
0.1% MG132. The muscle was placed in a 1.5 ml tube and
homogenized using a plastic pestles connected to an electric
driver. The tissue was crushed prior to adding the above
buffer, and then continuously homogenized for about 30 s in
the buffer. The homogenates were allowed to set in the buffer for
approximately 30 min on ice before being homogenized onemore
time. Tubes were then spun down at 10,000 xg for 5 min at 4°C.
Protein concentration of the supernatants of muscle
homogenates was determined by a standard BCA assay. The
protein concentration of all samples were normalized to the same
concentration. Cells were homogenized using the same buffer and
concentrations of cocktails.

Western blot was performed as described previously (Gao
et al., 2020). In addition to a mass ladder (BioRad Precision Plus
Protein All Blue Standard) loaded into each end lane, 15 µl of
homogenized muscle/cell samples containing loading buffer at a
concentration of approximately 2.5 μg/μl were subject to
electrophoresis in 11–16% gradient gels at 100 V for
approximately 3 h. Proteins were transferred on to 0.22 µM
nitrocellulose membranes at 350 mA using a trans-blot
apparatus (Bio-Rad, Hercules, CA). The membranes were fixed
in 50% methanol for 30 min at 4°C followed by 30 min at 37°C.
The membranes were then blocked with 3% non-fat milk in PBST

for 1 h on a rocker at room temperature. The membranes were
then incubated with primary antibodies and 0.5% BSA in PBST
overnight at 4°C. The following antibodies were used: anti
UCHL1 (Abcam, 108986), GAPDH (Santa Cruz, sc-47724),
Actin (Santa Cruz, sc-47778), DGAT2 (Santa Cruz, sc-
293211), ATGL (Cayman, 10,006,409), Perilipin 2 (Novus,
NB110-40877), Perilipin 3 (Novus, NB110-40764), OXPAT
(Novus, NB110-60509), MAGL (Cayman, 100035), CD36
(Protein tech, 18836-1-AP), Akt (Cell Signaling Technologies,
9,272), phosphor-Akt (Cell Signaling Technologies, 4,051),
AMPK (Cell Signaling Technologies, 2,793), phosphor-AMPK
(Cell Signaling Technologies, 2,535), SDHA (Abcam, ab14715),
SDHB (Abcam, ab178423), PDH (Cell Signaling Technologies,
3,205), and HSL (Cayman, 10,006,371). Following 3 washes with
PBST for 5 min each, membranes were incubated with the
appropriate secondary antibodies conjugated with Alexa-680
or 800 (Invitrogen) for 1 h at room temperature followed by 2
washes with PBST and 1 wash with PBS. The protein bands on the
membrane were imaged using a LICOR scanner (LICOR
Biosciences, Lincoln, NE). Following the imaging, some
membranes were stained for total protein load using Imperial
Protein Stain solution (ThermoFisher, UF286575) and de-stained
with 50% methanol and 10% glacial acetic acid. Band densities of
the proteins were analyzed using NIH ImageJ software and
normalized against total protein stain bands or GAPDH in
tissue samples or Actin in cell samples; the ratio of UCHL1
and other proteins were then calculated and compared between
KO/KD and WT/Control.

Triglyceride Assay
The triglyceride content in muscle homogenates was measured
using the triglyceride colorimetric assay kit (Cayman, 10,010,303)
by following the manufacturer’s protocol. In a 96 well plate, a
standard curve was prepared using the included standard
reagents and diluents. In each well, 10 µL of sample and
150 µL of the assay enzyme solution were added, thoroughly
mixed on a microplate shaker (FisherBrand, 88,861,023), and
then incubated for 30 min at 37°C. The absorbance of theassay
was measured using a TECAN plate reader (TECAN, Infinite
m200) and Magellan software. Absorbance of samples was
analyzed to determine differences between WT and KO groups.

Data Analysis
All data calculations, descriptive statistics, and graphing were
performed using Microsoft Excel and GraphPad Prism 9.0. To
quantify Western blot results, a protein band density was
normalized by total protein stain, GAPDH or beta actin as
loading controls. The mean value of the WT/Control group was
calculated, followed by calculating the ratio between each individual
sample to that of the WT/Control mean. The mean values of the
ratio of WT/Control and KO/KD samples were compared between
two groups by the two-tailed t-test; Statistical significance was
defined as p value less than 0.05. Data was presented as mean ±
SD. To quantify glucose testing results, the mean values of glucose at
each time point and an area under curve for both the WT and KO
groups were calculated and compared using a two-tailed t-test to
determine the statistical significance between the two groups.
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RESULT

UCHL1 Level is Downregulated by Fasting
In skeletal muscle, UCHL1 is highly expressed in soleus, a typical
slow oxidative muscle, and is very low in EDL, a typical fast

glycolytic muscle (Figure 1A). Immunofluorescent staining
showed the colocalization of UCHL1 and type I slow oxidative
fibers (Figure 1B). Fasting, which promotes muscles fatty acid
oxidation, downregulated UCHL1 in soleus (Figure 1C).
Consistent with this, in differentiated C2C12 myotubes,

FIGURE 1 | Western blot images (top) and quantifications (bottom) of UCHL1 in mouse skeletal muscles or C2C12 myotubes. (A): UCHL1 protein levels in slow
oxidative muscle soleus and fast glycolytic muscle EDL (n = 4); (B): Immunofluorescent staining for UCHL1 (red) and type I myosine heavy chain (green) in soleus muscle
section. The scale bar = 20 μm). (C): UCHL1 protein levels in soleus from fed or fasted mice (n = 3 per group); (D): UCHL1 protein levels in C2C12 myotubes complete
media (CM, containing 10% FBS and 4.5 g/L glucose), incomplete media (ICM, containing 4.5 g/L glucose but no FBS), or the media without FBS and glucose
(NG). (n = 4 per group).

FIGURE 2 | Lipid content in skeletal muscle. (A): Gel images of PCR genotyping to identify smKO, heterozygous, and WT genotypes; (B): Western blot for UCHL1
inmuscle fromWT andUCHL1 smKOmice. n = 4. (C): Oil-red-O staining for lipid in muscle fromWT or UCHL1 smKOmice. The scale bar = 5 μm. (D): Bodipy staining for
lipid in muscle from WT or UCHL1 smKO mice. The scale bar = 20 μm. (E): Lipid (triglyceride) in muscle homogenate of WT or UCHL1 smKO mice. n = 4 per group.
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UCHL1 level was also downregulated by glucose starvation
(Figure 1D). Since fasting is known to shift muscle energy
metabolism toward lipid oxidation, this data suggests that
UCHL1 may be involved in lipid metabolism in skeletal muscle.

UCHL1 smKO Reduced Lipid Content in
Skeletal Muscle
To test the functional role of UCHL1 in skeletal muscle, we have
generated skeletal muscle specific knockout (smKO) of UCHL1.
The genotype of homozygous floxed UCHL1 and cre transgene
was confirmed by PCR and a significant reduction of UCHL1
protein level in skeletal muscle was confirmed by Western blot
(Figure 2A). The intramuscular lipid content was measured by
oil-red-o staining (Figure 2B), BODIPY staining (Figure 2C),
and triglyceride assay (Figure 2D). As shown in these panels, the
intramuscular lipid content was significantly reduced in the
muscle from UCHL1 smKO mice when compared with WT.
This data suggests that skeletal muscle UCHL1 may play an
essential role in maintaining lipid content in skeletal muscle.

UCHL1 smKO did Not Affect the Levels of
Key Proteins Involved in Metabolism
Intramuscular lipid content can be affected by overall
metabolism. We then measured the level of some key proteins
that regulate metabolism and mitochondrial function, including
phosphorylated and total AMPKα (Figure 3B), phosphorylated
and total Akt (C), succinate dehydrogenase (SDH) (Figure 3D),
and pyruvate dehydrogenase (PDH) (Figure 3E). However, none
of these proteins were altered in the UCHL1 smKO muscle. The
levels of phosphorylated Akt and AMPK were nearly
undetectable in both WT and UCHL1 smKO samples.

Reduced perilipin2 in UCHL1 smKO Muscle
Lipid content is determined by fatty acid transport, lipid synthesis,
lipolysis, and lipid storage.We then assessed the level of proteins that
are related to these functions. CD36, which is the major protein
responsible for fatty acid transport, was not altered inUCHL1 smKO
muscle (Figure 4E). The levels of three major lipases, ATGL

(Figure 4B), HSL (Figure 4C), and MAGL (Figure 4D), also
remained unchanged in UCHL1 smKO muscle, suggesting that the
reduction of lipid content in UCHL1 smKOmuscle is unlikely due to
the increase in lipolysis activity. Interestingly, perilipin2, a key protein
that is associated with and stabilize lipid droplets, was significantly
reduced in UCHL1 smKO muscle (Figure 4H), suggesting the
possibility that UCHL1 may be essential to stabilize perilipin 2 and
thus lipid storage. Perilipin 3 level (Figure 4G) was significantly
upregulated in UCHL1 smKO muscle, potentially a compensatory
response to the reduction of perilipin2. The major lipid synthase
DGAT2 was also upregulated in UCHL1 smKO, which may also be a
compensatory response to the reduced lipid content.

Perilipin 2 Was Downregulated by UCHL1
Gene Knockdown in C2C12 Cells
To further determine whether UCHL1 regulates perilipin 2, we used
siRNA to knock down (KD) UCHL1 in differentiated C2C12
myotubes. Consistent with the animal data, UCHL1 KD
significantly reduced perilipin 2 protein level (Figures 5A,B).
UCHL1 KD also upregulated CD36 (Figure 5D) and
downregulated lipase HSL (Figure 5E) and MAGL (Figure 5F)
in C2C12 cells, potentially compensatory responses to the reduced
perilipin 2 and possible low lipid content. These later changes,
however, were not seen in the muscle with UCHL1 KO.

UCHL1 smKO Improved Insulin Sensitivity
To test whether the reduction of intramuscular lipid affected glucose
metabolism and insulin sensitivity, we conducted GTT and ITT.
Mice with UCHL1 smKO have improved glucose tolerance (Figures
6A,B) as well as insulin tolerance (Figure 6C), suggesting the lower
intramuscular lipid content induced byUCHL1 smKOhas favorable
effects on glucose metabolism and insulin sensitivity.

DISCUSSION

This study provides evidence for the first time showing that
skeletal muscle UCHL1 is involved in regulation of intramuscular
lipid content. In skeletal muscle, oxidative muscle uses both

FIGURE 3 | Western blot images (A) and quantifications (B–E) of muscle samples from WT and UCHL1 smKO mice for key proteins that are involved in lipid
metabolisms, including AMPKα ((B), n = 5), Akt ((C), n = 3), SDHA ((D), n = 5), and PHD ((E), n = 3).
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glucose and fatty acids as energy fuel, depending on the
availability. When extracellular glucose levels are low, such as
during fasting and exercise, the energy metabolism in oxidative
muscles shifts to fatty acid oxidation. We observed that UCHL1
was highly expressed in oxidative muscle such as soleus but has

very low levels in the glycolytic EDL. Moreover, skeletal muscle
UCHL1 was downregulated by fasting in mice and glucose
starvation in C2C12 cells, suggesting that UCHL1 may be
involved in energy metabolism shift. Consistent with this,
selective gene knockout of UCHL1 in skeletal muscle

FIGURE4 |Western blot images (A) and quantifications (B–I) of muscle samples fromWT andUCHL1 smKOmice for lipase ATGL (B), HSL (C), andMAGL (D), the
fatty acid transport protein CD36 (E), the key lipid synthesis enzyme DGAT2 (F), perilipin 3 (G), perilipin 2 (H), and UCHL1 (I). n = 4-5 per group.

FIGURE 5 |Western blot images (A) and quantifications (B–G) of cell lysates from C2C12 myotubes with control or UCHL1 siRNA knockdown for perilipin 2 (B),
perilipin 5 (C), CD36 (D), HSL (E), MAGL (F), and SDHB (G). n = 4 per group.
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significantly reduced intramuscular lipid. Together, these results
suggest that UCHL1 may function to facilitate lipid storage in
skeletal muscle, and downregulation of skeletal muscle UCHL1 in
fasting and starvation may be essential to mobilize stored lipid for
lipolysis to increase free fatty acid availability for oxidation.

The level of intramuscular lipid content can be affected by many
factors, including free fatty acid uptake, lipid synthesis, lipolysis, and
fatty acid oxidation. Our results showed that in UCHL1 smKO
skeletal muscle there were no changes with protein levels of
CD36, the major fatty acid transporter (Pepino et al., 2014),
ATGL, HSL, and MAGL, the major lipases (Badin et al., 2011),
suggesting that the reduced intramuscular lipid by UCHL1 smKO is
unlikely due to the reduced fatty acid transport and increased lipolysis.
It is also unlikely due to the reduced lipid synthesis because a major
lipid synthase, DGAT2, was upregulated in muscle with UCHL1
knockout, potentially a compensatory response to the low lipid levels.
AMPK and Akt pathways are major signaling pathways to promote
lipolysis, mitochondrial biogenesis, and fatty acid oxidation. Our data
did not show any changes in total protein level and phosphorylation
of AMPK and Akt, the two major pathways that regulate lipid
metabolism, in UCHL1 smKO muscle. Protein levels of SDHA
and PDH, two mitochondrial markers, were also unchanged in
UCHL1 smKO muscle. Together, these results suggest that the
reduced lipid content in UCHL1 smKO muscle may not be due
to the increased fatty acid oxidation.

Intramuscular lipids are stored into lipid droplets (LDs) (Walther
and Farese, 2012). LDs are active organelles that contain and store toxic
lipid as energy depots (Listenberger et al., 2003).When energy fuel runs
low such as during fasting or exercise, LDs canmobilize stored lipid for
lipolysis to increase free fatty acids for oxidation (Rambold et al., 2015).
LDmembranes are embedded with different proteins, among which is
the family of perilipin proteins (Kimmel and Sztalryd, 2016). Perilipin 2
(also known as adipose differentiation-related protein, ADFP) is one of
the 5 proteins in the perilipin family. Perilipin 2 is highly expressed in
adipose tissues and skeletal muscle in rodents and humans (Minnaard
et al., 2009). This protein is not only critical for LDs membrane
integrity but can also interact with major lipases such as ATGL
(MacPherson et al., 2013) or be targeted by chaperone-mediated
lipophagy to mobilize stored lipid for lipolysis (Kaushik and
Cuervo, 2015). Our results indicate that UCHL1 knockout in

mouse skeletal muscle or knockdown in C2C12 cells result in the
reduction of perilipin 2 protein level. It is plausible to propose that the
downregulation of perilipin 2 may be responsible for the reduction of
lipid content in UCHL1 knockout muscle. Indeed, perilipin knockout
resulted in reduced lipid content in myotubes (Feng et al., 2017).
UCHL1 functions as a deubiquitinating enzyme, while perilipin 2 is
subjected to ubiquitin-proteasome degradation (Xu et al., 2005;
Masuda et al., 2006). Therefore, UCHL1 may stabilize perilipin 2
by reducing its ubiquitination and proteasome-mediated degradation;
thus, UCHL1 downregulation or deletion can lead to increased
degradation of perilipin 2. Fasting-induced downregulation of
UCHL1 and subsequent perilipin 2 degradation may be a
mechanism for increasing access to lipids in LDs for lipolysis.

Our data showed an upregulation of perilipin 3 in UCHL1 smKO
muscle. This is likely a compensatory response to the downregulation
of perilipin 2 and/or low muscle lipid content. The role of perilipin 3
in skeletalmuscle is not clear (Morales et al., 2017). Perilipin 3 levels in
muscle biopsies from healthy human subjects are positively correlated
with whole-body oxidative capacity (Covington et al., 2015).Whether
this correlation is associated with lipid content is unknown. In the
muscle with UCHL1 smKO, the muscle lipid is low even though
perilipin 3was upregulated, suggesting the functions of perilipin 2 and
perilipin 3may not overlap, therefore, upregulation of perilipin 3 does
not compensate perilipin 2 downregulation-induced reduction of
muscle lipid content.

While lipids are an essential energy depot, intramuscular lipid
accumulation, as seen in obesity and aging muscle, contributes to
insulin resistance. We found that mice with UCHL1 smKO exhibit
improved glucose tolerance and insulin tolerance, suggesting that the
reduced intramuscular lipid by UCHL1 KO is protective. This is
consistent with the report that perilipin 2 KOmice showed increased
insulin sensitivity in obese mice (Chang et al., 2010). Therefore, the
reduced perilipin 2 by UCHL1 smKO may also contribute to the
increased insulin sensitivity in this study.We would like to point out
that in this study, fasting plasma insulin level was not measured.
Insulin sensitivity is also regulated by many factors. Therefore, the
mechanisms of the enhanced glucose tolerance and insulin tolerance
in UCHL1 smKO mice remain to be further investigated.

Further studies are needed to fully understand the role of skeletal
muscleUCHL1 in lipidmetabolism, particularlywhether upregulation

FIGURE 6 |Glucose tolerance test and insulin tolerance test. (A–B): GTT curve (A) and area under the curve (B); n = 5 per group. (C): ITT curve. n = 5–6 per group.
(D): body weight. n = 6 per group.
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of UCHL1 in skeletal muscle is involved in metabolic disorders and
insulin resistance. Interestingly, our previous work showed that
UCHL1 skeletal muscle knockout reduced mitochondria oxidation
activity (Gao et al., 2020), which seems contradictory to the present
data because reduction of mitochondrial oxidation can increase lipid
accumulation. One possibility for these seemingly contradictory
results in the same UCHL1 smKO mouse model is that the
reduced oxidative activity observed previously may be secondary to
the reduced muscle lipid content, that is, reduced lipid and fatty acids
lead to the reduced mitochondrial oxidation activity. This possibility
certainly needs to be further verified.
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