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PPARB/6 upregulates the insulin receptor 2
B subunit in skeletal muscle by reducing
lysosomal activity and EphB4 levels
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Walter Wahli’®, Xavier Palomer'?? and Manuel Vézquez-Carrera'***"

Abstract

Background The increased degradation of the insulin receptor B subunit (InsRB) in lysosomes contributes to the
development of insulin resistance and type 2 diabetes mellitus. Endoplasmic reticulum (ER) stress contributes to
insulin resistance through several mechanisms, including the reduction of InsR3 levels. Here, we examined how
peroxisome proliferator-activated receptor (PPAR)3/& regulates InsRB levels in mouse skeletal muscle and C2C12
myotubes exposed to the ER stressor tunicamycin.

Methods Wild-type (WT) and Ppard™~ mice, WT mice treated with vehicle or the PPARR/S agonist GW501516, and
C2C12 myotubes treated with the ER stressor tunicamycin or different activators or inhibitors were used.

Results Ppard™~ mice displayed reduced InsR@ protein levels in their skeletal muscle compared to wild-type (WT)
mice, while the PPARB/S agonist GW501516 increased its levels in WT mice. Co-incubation of tunicamycin-exposed
C2C12 myotubes with GW501516 partially reversed the decrease in InsRB protein levels, attenuating both ER stress
and the increase in lysosomal activity. In addition, the protein levels of the tyrosine kinase ephrin receptor B4 (EphB4),
which binds to the InsRB and facilitates its endocytosis and degradation in lysosomes, were increased in the skeletal
muscle of Ppard™~ mice, with GW501516 reducing its levels in the skeletal muscle of WT mice.

Conclusions Overall, these findings reveal that PPARB/& activation increases InsR levels by alleviating ER stress and
lysosomal degradation.
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Background

Insulin resistance, which can be defined as a defect in
the capacity of insulin to drive glucose into its target tis-
sues, predicts and precedes the development of type 2
diabetes mellitus (T2DM) [1]. Skeletal muscle accounts
for most of the insulin-stimulated glucose use and, thus,
is the primary tissue affected by insulin resistance [2].
Insulin signaling is initiated when the hormone binds
to the a subunit of the insulin receptor (InsRa), which
derepresses the tyrosine kinase activity of the B subunit
(InsRp). The InsRP then phosphorylates InsR substrate
(IRS) molecules at tyrosine residues. Insulin signaling
then proceeds through the activation of several compo-
nents, including phosphoinositide 3-kinase (PI3K), Akt,
and Akt substrate of 160 kDa (AS160), to promote glu-
cose uptake via glucose transporter type 4 (GLUT4) [3].
A decrease in the cell surface presentation of InsR and
its tyrosine kinase activity is one of the main factors con-
tributing to dysregulated insulin signaling and insulin
resistance [4]. However, the mechanisms involved in InsR
downregulation have only been partially explored.

Several factors contribute to the reduced InsR lev-
els that provoke insulin resistance. Hyperinsulinemia
in insulin resistance and T2DM has been reported to
increase the proteasomal and lysosomal degradation of
the InsRp in podocytes, attenuating insulin signaling [5].
Likewise, InsR levels are negatively associated with the
levels of the endoplasmic reticulum (ER) stress marker
C/EBP homologous protein (CHOP) in the insulin target
tissues of db/db mice and mice fed a high-fat diet (HFD)
[6]. Moreover, InsR is downregulated in the adipose tis-
sue of obese human subjects and in cultured adipocytes
treated with ER stressors [6]. ER stress also depletes
InsR at the plasma membrane by inhibiting the delivery
of newly synthesized insulin receptors to the cell surface
[7]. Interestingly, a recent finding documented the inter-
action of the InsRp with ephrin receptor B4 (EphB4), a
tyrosine kinase receptor that modulates cell adhesion and
migration, in a process stimulated by insulin that facili-
tates clathrin-mediated InsR endocytosis and degrada-
tion in lysosomes [8].

The nuclear receptor peroxisome proliferator-acti-
vated receptor (/6 (PPARP/S) regulates glucose and
lipid metabolism, as well as inflammation. In fact,
PPARP/® agonists attenuate dyslipidemia and hyper-
glycemia, improve whole-body insulin sensitivity and
prevent HFD-induced obesity [9]. PPARB/S is required
in the skeletal muscle to maintain slow oxidative fibers.
Furthermore, the skeletal muscle-specific deletion of
PPARPB/S in mice leads to obesity and diabetes [10].
We have previously reported that the PPARP/S agonist
GW501516 increases the protein levels of the InsRp in
skeletal muscle [11]. Others have found that GW501516
increases the protein levels of InsR and prevents the
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reduction of its levels caused by tumor necrosis factor
(Tnfa) in cultured adipocytes [12]. However, the mecha-
nisms by which PPARB/S activation upregulates InsR
levels remain unknown. Here, we show that the protein
levels of the InsRp are reduced in the skeletal muscle of
Ppard™~ mice compared to wild-type (WT) mice. By
contrast, the PPARP/S agonist GW501516 increases
InsRp protein levels in the skeletal muscle of WT mice.
In addition, GW501516 attenuates the reduction of
InsRp protein levels caused by the ER stressor tunicamy-
cin in C2C12 myotubes and also reduces the tunicamy-
cin-induced increase in lysosomal activity. Furthermore,
EphB4 protein levels are increased in the skeletal mus-
cle of Ppard™'~ mice, with GW501516 reducing its lev-
els in WT mice. Altogether, these findings indicate that
PPARPB/S activation in skeletal muscle prevents the ER
stress-mediated reduction in InsRp levels by attenuating
ER stress and lysosomal activity, as well as by reducing
EphB4-mediated degradation in lysosomes.

Methods

Reagents

GW501516 (SML1491) and chloroquine (C6628) were
purchased from Sigma-Aldrich Corporation (St. Louis,
MO, USA). Tunicamycin (#3516) was obtained from Bio-
Techne R&D Systems (Minneapolis, MN, USA), while
nutlin-3 (sc-45061) and A769662 (sc-203790) were pur-
chased from Santa Cruz Biotechnology (Dallas, TX,
USA).

Mice

Male (8-9 weeks old) Ppard-knockout (Ppard™'") mice
(n=>5) and their WT littermates (Ppard*'*) (n=5) with
the same genetic background (C57BL/6Xx129/SV) (12),
all fed a control diet, were housed and maintained under
a constant temperature (22+2 °C) and humidity (55%).
No significant differences were observed in body weight
or food intake between WT and Ppard~~mice. The mice
were sacrificed, and skeletal muscle samples were frozen
in liquid nitrogen before being stored at -80°C.

In another study, male C57BL/6 mice (10-12 weeks
old) (Envigo, Barcelona, Spain) were housed and main-
tained under a constant temperature (22+2 °C) and
humidity (55%). The mice had free access to water and
food and were subjected to 12-h light-dark cycles. After
1 week of acclimatization, the mice were randomly dis-
tributed into two experimental groups (n=>5 each): one
group received one daily p.o. gavage of vehicle (0.5% w/v
carboxymethylcellulose) for 6 consecutive days, while
the other group received 3 mg/kg/day of GW501516 dis-
solved in the vehicle (volume administered, 1 mL/kg).
No significant changes in food intake or body weight
were observed throughout the treatment. At the end of
the treatment, the mice were sacrificed. Samples of their
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skeletal muscle (gastrocnemius) and epididymal adipose
tissue were frozen in liquid nitrogen and then stored at
-80°C.

All experiments were performed in accordance with
the European Community Council directive 86/609/
EEC. The experimental protocols and the number of ani-
mals, determined based on the expected effect size, were
approved by the Institutional Animal Care and Use Com-
mittee of the University of Barcelona. The reporting of
the animal studies complied with the ARRIVE guidelines.
Accordingly, all efforts were made to minimize the suffer-
ing and the number of mice used.

Cell culture

Mouse C2C12 myoblasts (ATCC) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS), 50 units/mL
of penicillin, and 50 mg/mL of streptomycin. When cells
reached confluence, the medium was switched to the dif-
ferentiation medium containing DMEM and 2% horse
serum, which was changed every other day. After four
more days, the differentiated C2C12 cells had fused into
myotubes. These were incubated in serum-free DMEM
in either the absence (control cells) or presence of the
following concentrations of tunicamycin (0.1-5 pg/mL)
[13], GW501516 (10 uM), a concentration that selectively
activates PPARP/S [14], A769662 (60 pM) [15] or chlo-
roquine (50 uM) [16]. Treatment with these compounds
did not significantly reduce cell viability (Supplementary
Fig. 1) assessed by the thiazolyl blue tetrazolium bromide
(MTT) assay (M2128, Sigma-Aldrich Corporation). All
the cell experiments were repeated at least three times
and there were two replicates in each experiment.

Reverse transcription-polymerase chain reaction and
quantitative polymerase chain reaction

Isolated RNA was reverse transcribed to obtain 1 ug of
complementary DNA (cDNA) using Random Hexam-
ers (Thermo Fisher Scientific, Waltham, MA, USA), 10
mM of the deoxynucleotide (ANTP) mix and the reverse
transcriptase enzyme derived from the Moloney murine
leukemia virus (MMLYV, Thermo Fisher Scientific). cDNA
synthesis was run in a thermocycler (Bio-Rad, Hercules,
CA, USA) and consisted of a program with different steps
and temperatures: 65 °C for 5 min, 4 °C for 5 min, 37 °C
for 2 min, 25 °C for 10 min, 37 °C for 50 min, and 70 °C
for 15 min. The relative levels of specific mRNAs were
assessed by real-time RT-PCR in a Mini 48-Well T100™
thermal cycler (Bio-Rad), using the SYBR Green Master
Mix (Applied Biosystems, Waltham, MA, USA), as previ-
ously described [17]. Briefly, samples had a final volume
of 20 pL, with 20 ng of total cDNA, 0.9 uM of the primer
mix, and 10 pL of 2x SYBR Green Master Mix. The ther-
mal cycler protocol for real-time PCR included the first
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step of denaturation at 95 °C for 10 min followed by 40
repeated cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C
for 30 s for denaturation, primer annealing, and ampli-
fication, respectively. Primer sequences were designed
using the Primer-BLAST tool (NCBI), based on the full
mRNA sequences to find the optimal primers for amplifi-
cation, and evaluated with the Oligo-Analyzer tool (Inte-
grated DNA Technologies, Coralville, IA, USA) to ensure
an optimal melting temperature (Tm) and avoid the for-
mation of homo/heterodimers or non-specific structures
that can interfere with the interpretation of the results.
The primer sequences were designed specifically to span
the junction between the exons. The primer sequences
used are provided in Supplementary Table 1. Values were
normalized to the expression levels of glyceraldehyde
3-phosphate dehydrogenase (Gapdh), and measurements
were performed in triplicate. All changes in expression
were normalized to the untreated control.

Immunoblotting

The isolation of total protein extracts was performed
as described elsewhere [11]. Immunoblotting was per-
formed with antibodies against AMPKa (#2532, Cell
Signaling Technology, Danvers, MA, USA), phospho-
AMPKa Thr172 (#2531, Cell Signaling Technol-
ogy), ATF4 (sc-390063, Santa Cruz Biotechnology),
B-actin (A5441, Sigma-Aldrich Corporation), CHOP
(GTX112827, GeneTex, Irvine, CA, USA), EphB4 (#37-
1800, Invitrogen, Waltham, MA, USA), GAPDH (sc-
365062, Santa Cruz Biotechnology), InsRp (#3052, Cell
Signaling Technology), NQO1 (sc-393736, Santa Cruz
Biotechnology), p53 (#2524, Cell Signaling Technology),
p62 (sc-48402, Santa Cruz Biotechnology), PPARB/S
(sc-74517, Santa Cruz Biotechnology), and vinculin
(sc-73614, Santa Cruz Biotechnology). Secondary anti-
bodies (goat anti-rabbit #1705046 and goat anti-mouse
#1705047) were obtained from Bio-Rad. The work-
ing dilutions were 1:1,000 (except 1:2,000 for GAPDH,
B-actin and vinculin) for primary antibodies and 1:5000
for secondary antibodies. Signal acquisition was con-
ducted using the Bio-Rad ChemiDoc apparatus, while
quantification of the immunoblot signal was performed
using the Bio-Rad Image Lab software. The results for
protein quantification were normalized to the levels of a
control protein (GAPDH, vinculin or B-actin) by reprob-
ing the blots to avoid unwanted sources of variation.

Lysosomal activity assay

The lysosomal intracellular activity was measured in
C2C12 myotubes using the dye LysoBrite™ Red (AAT
Bioquest®, Inc., Pleasanton, CA, USA). The dye working
solution was prepared by diluting 20 pL of the 500x Lyso-
Brite™ stock in 10 mL of the medium without phenol red
and without L-glutamine. After exposure of the C2C12
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myotubes to tunicamycin (0.1 ug/mL) in the presence or
absence of 10 uM of GW501516 (PPARPB/S agonist) for
24 h, the supernatant was removed and the working solu-
tion was applied at 100 uL/well. After that, the cells were
incubated (37 °C, 5% CO,; 30 min) and washed twice
with medium without phenol red and without L-gluta-
mine. The fluorescence intensity was determined at the
excitation and emission wavelengths of 575 and 605 nm,
respectively, using the Cytation™ 3 microplate reader
(BioTek Instruments GmbH, Sursee, Switzerland).

Statistical analysis

Results are expressed as the mean * SD. Significant dif-
ferences were assessed by either Student’s t-test or
ANOVA, according to the number of groups being com-
pared, using the GraphPad Prism program (version 9.0.2)
(GraphPad Software Inc., San Diego, CA, USA). When
ANOVA found significant variations, Tukey’s post-hoc
test for multiple comparisons was performed only if F
achieved a p-value<0.05. Differences were considered
significant at p<0.05.

A B
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Results

Ppard~'"~ mice show reduced InsRp protein levels in their
skeletal muscle, while the PPARB/S agonist GW501516
increases its levels in WT mice

We have previously reported that Ppard™~ display glu-
cose intolerance compared to WT mice [18], but the
mechanisms involved have not been completely uncov-
ered. We examined InsRp levels in the skeletal muscle
of WT and Ppard™~'~ mice (confirmed by Ppard mRNA
quantification; Fig. 1A) to evaluate its potential con-
tribution to these differences. Ppard~'~ mice displayed
a reduction in InsRp protein levels compared with WT
mice (Fig. 1B). In line with the reported negative associa-
tion between InsR levels and the levels of the ER stress
marker CHOP [6], we observed that the reduction of
InsRp levels was accompanied by an increase in CHOP
levels (Fig. 1B). Overexpression of NAD(P)H: quinone
oxidoreductase 1 (NQOL), a target gene of nuclear factor
erythroid-2-related factor 2 (Nrf2), has been reported to
reduce InsRp levels in skeletal muscle [19]. Ppard‘/ ~ mice
showed an increase in the levels of the NQO1 protein
(Fig. 1B). However, since ER stress increases the expres-
sion of Nrf2 and NQOI [20], the increase in NQOI1
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Fig. 1 InsRB protein levels are reduced in the skeletal muscle of Ppard™~ mice. (A) mRNA levels of Ppard in the skeletal muscle of Ppard™~ and WT mice
(n=5 animals). (B) Skeletal muscle cell lysate extracts from Ppard’/’ and WT mice were assayed via western blot analysis with antibodies against InsRp,
CHOP, NQO1 or B-actin (n=5 animals). mRNA levels of (C) Ir-A and (D) /r-8 in the skeletal muscle of Ppard’/’ and WT mice (n=5 animals). Data are pre-
sented as the mean+SD. *p <0.05, **p < 0.01, and ***p <0.001 versus WT. p-values were determined by two-tailed unpaired Student's t-test
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protein levels might be due to ER stress in the skeletal
muscle of Ppard”’~ mice. To elucidate whether Ppard
deficiency led to a reduction in InsRp levels through a
transcriptional mechanism, we assessed the transcript
levels of the InsR. The InsR exists as two mRNA spe-
cies, Ir-A and Ir-B, derived from the alternative splicing
of exon 11 [21]. In the skeletal muscle of Ppard™'~ mice,
the levels of Ir-A (Fig. 1C) and Ir-B (Fig. 1D) were not
significantly reduced, suggesting that the changes
observed in InsRp protein levels occurred at the post-
transcriptional level. To confirm that PPAR[B/§ activa-
tion regulates InsRp levels in skeletal muscle, we treated
mice with the PPARPB/S agonist GW501516 for 6 days.
As expected, GW501516 increased the expression of
the well-known PPAR[/8-target gene pyruvate dehydro-
genase kinase 4 (Pdk4) in the skeletal muscle (Fig. 2A).
Of note, GW501516 also increased InsRp protein levels
in the skeletal muscle (Fig. 2B). Given that the InsR has
been reported to be regulated by p53 [22], we also mea-
sured p53 protein levels. GW501516 increased the lev-
els of p53 in skeletal muscle, suggesting that this protein
might be involved in the increase in InsRp levels caused
by PPARP/S activation (Fig. 2B). The increase in InsRp
levels was accompanied by a slight increase in the levels
of p62, a protein degraded via autophagy and lysosomal
pathways [23] (Fig. 2C). As mentioned above, ER stress
also stimulates the degradation of the InsR [6], which is
consistent with GW501516 reducing the levels of the ER
stress markers CHOP and activating transcription factor
4 (ATF4) (Fig. 2C). The effect of GW501516 on the InsRp
was not restricted to skeletal muscle, since it was also
observed in other tissues such as the white adipose tis-
sue (Fig. 2D). GW501516 also showed a trend to increase
p62 protein levels in adipose tissue (Fig. 2D). Altogether,
these findings suggest that PPARPB/S is involved in regu-
lating InsRP protein levels in skeletal muscle through
a post-transcriptional mechanism that might involve a
reduction in ER stress.

PPARP/S activation partially prevents the ER stress-
induced reduction in InsRp protein levels

Since ER stress reduces InsR protein levels [6], we next
examined whether the ER stressor tunicamycin reduced
InsRP levels by attenuating PPARB/S levels in C2C12
myotubes. As expected, tunicamycin caused a decrease
in PPARP/J levels and a remarkable reduction in InsRf
protein levels that were accompanied by an increase
in CHOP levels (Fig. 3A). Furthermore, tunicamycin
reduced the phosphorylated levels of AMPK, which is
consistent with the decrease in PPARPB/S levels since
this nuclear receptor activates AMPK phosphorylation
[9, 11]. Interestingly, pre-incubation with GW501516
partially reversed the tunicamycin-induced reduction in
the protein levels of the InsRp and PPARP/S in C2C12
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myotubes (Fig. 3B, C). These changes were accompa-
nied by a reduction in CHOP protein levels in the cells
co-incubated with tunicamycin and GW501516 (Fig. 3D).
Since many of the effects of PPARPB/S are mediated by the
phosphorylation of AMPK [9], whose activation prevents
ER stress [24], we examined whether the AMPK activa-
tor A769662 was able to mimic the effects of GW501516.
A769662 did not significantly increase InsRp protein
levels (Fig. 3E). However, the levels of phosphorylated
AMPK were increased, indicating that the treatment was
effective (Fig. 3E). Likewise, A769662 did not affect p62
protein levels (Fig. 3E). Finally, we examined the effects
of A769662 in the presence of tunicamycin. Treatment
with A769662 caused a slight recovery in the protein lev-
els of the InsRp that did not reach statistical significance
(Fig. 3F). Since PPARPB/J activation increases p53 levels
[11] and given that p53 is involved in the upregulation of
the InsR [22], we examined its potential involvement in
the upregulation by GW501516 in C2C12 myotubes. To
this end, we treated cells with nutlin 3, a small-molecule
inhibitor that binds preferentially to the p53-binding
pocket of murine double minute 2 (MDM2). MDM?2 is
an E3 ubiquitin ligase that mediates the ubiquitination
of p53 and targets it for proteasomal degradation [25].
Therefore, MDM2 inhibition by nutlin-3 leads to the
stabilization of p53. As expected, exposure of the cells
to nutlin-3 increased the protein levels of p53, but this
increase did not prevent the downregulation of InsRp
protein levels caused by tunicamycin (Fig. 3F). These
findings suggest that neither AMPK activation nor the
upregulation of p53 is involved in the beneficial effects of
PPARP/S activation on the tunicamycin-induced reduc-
tion of InsRp levels.

PPAR/6 activation prevents the increase in lysosomal
activity caused by ER stress

Hyperinsulinemia increases the lysosomal degradation
of the InsRp, which is reversed by co-incubating the cells
with an inhibitor of lysosomal degradation [5]. We used
the lysosome inhibitor chloroquine to examine whether
lysosomal degradation was involved in the reduction of
InsRp levels caused by ER stress in C2C12 myotubes.
Interestingly, chloroquine prevented the decrease in
InsRP protein levels caused by tunicamycin (Fig. 4A),
indicating that lysosomal degradation is involved in this
reduction. The efficacy of chloroquine in inhibiting lyso-
somal degradation was confirmed by the increase in the
protein levels of p62, which is degraded by lysosomal and
autophagy pathways [23]. GW501516 also increased p62
levels (Fig. 4B), suggesting that PPARB/S activation might
prevent the increase in lysosomal activity caused by ER
stress. Consistent with this hypothesis, tunicamycin
increased lysosomal activity, while co-incubation with
GW501516 reversed this increase (Fig. 4C), explaining
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Fig. 2 The PPARR/6 agonist GW501516 increases InsRP protein levels in the skeletal muscle of mice. (A) mRNA levels of Pdk4in the skeletal muscle of
control mice and mice treated with GW501516 for 6 days (n=>5 animals). (B) Skeletal muscle cell lysate extracts from control mice and mice treated with
GWS501516 for 6 days were assayed via western blot analysis with antibodies against InsR@, p53, or GAPDH (n=3 animals). (C) Western blot analysis with
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(See figure on previous page.)

Fig. 3 Tunicamycin reduces InsRB protein levels in C2C12 myotubes and GW501516 reverses this reduction. (A) Western blot analysis with antibodies
against InsRB, CHOP, PPARB/S, phosphorylated and total AMPK, or B-actin in C2C12 myotubes exposed to 5 ug/mL of tunicamycin (TM) for 24 h. (B) InsR3
protein levels in C2C12 myotubes exposed to TM (0.1 pg/mL) in the presence or absence of 10 uM of the PPARR/6 agonist GW501516 for 24 h. (C) PPARB/S
and (D) CHOP protein levels in C2C12 myotubes exposed to TM (0.1 pug/mL) in the presence or absence of 10 uM of GW501516 for 24 h. (E) InsRB, p62 and
phosphorylated and total AMPK protein levels in C2C12 myotubes exposed to 60 uM of the AMPK activator A769662 for 16 h. (F) InsRB protein levels in
C2C12 myotubes exposed to TM (0.1 pg/mL) in the presence or absence of 60 uM of A769662 for 24 h. (G) InsRB, p53, and GAPDH protein levels in C2C12
myotubes exposed to TM (0.1 ug/mL) in the presence or absence of 10 uM of the p53 inducer nutlin-3 for 24 h. Data are presented as the mean+SD.
*p<0.05 and ***p < 0.001 versus control. #p <0.01 and **p <0.001 versus TM. p-values were determined by two-tailed unpaired Student’s t-test or ANOVA

with Tukey’s post-hoc test

its protective effect on InsRp protein levels in tunica-
mycin-exposed cells. Altogether, these findings suggest
that PPARPB/S activation prevents the ER stress-mediated
reduction in the protein levels of the InsRp by blunting
its lysosomal degradation.

PPARR/6 regulates EphB4

EphB4 directly binds to the InsRfp and this interaction
facilitates clathrin-mediated InsRp endocytosis and deg-
radation in lysosomes [8]. When we evaluated the levels
of this protein in the skeletal muscles of Ppard~'~ mice,
we observed a slight but significant increase in EphB4
protein levels when compared to WT mice (Fig. 5A). In
line with these observations, treatment of W'T mice with
the PPARP/S agonist GW501516 decreased EphB4 pro-
tein levels in their skeletal muscle (Fig. 5B). In C2C12
myotubes, chloroquine did not affect the increase in
CHOP protein levels caused by tunicamycin (Fig. 5C),
suggesting that a reduction in ER stress is not involved
in the effects of this compound on InsRp levels. By con-
trast, chloroquine reduced the protein levels of EphB4
(Fig. 5C). These findings suggest that the inhibition of
lysosomal activity caused by PPARB/S activation and
chloroquine contributes to the upregulation of the InsRf3
by reducing its EphB4-mediated degradation in lyso-
somes [8].

Discussion

The accumulation of unfolded and partially folded pro-
teins in the ER activates a signaling network termed
the unfolded protein response. This adaptive response
is linked to different processes that are involved in the
development of insulin resistance and T2DM, including
inflammation, lipid accumulation, insulin biosynthesis,
and [B-cell apoptosis [26]. In obese patients, ER stress
is present in several organs [27, 28]. Moreover, patients
with impaired glucose tolerance and overt T2DM show
an approximately 50% reduction in the InsR level, with
this deficiency contributing to the inhibition of insulin
signaling [29-31]. ER stress downregulates InsR levels [6]
and the amount of this receptor that reaches the plasma
membrane [7]. Therefore, deciphering the mechanisms
involved in the ER stress-mediated downregulation
of InsR and the potential targets to prevent this reduc-
tion can provide new strategies for the prevention and

treatment of insulin resistance and T2DM. We, herein,
identified that PPARB/d regulates InsRp protein lev-
els of in skeletal muscle. In fact, our findings show that
InsRpP protein levels are reduced in the skeletal muscle
of Ppard™'~ mice, whereas WT mice treated with the
PPARP/S agonist GW510156 display increased InsRp lev-
els in their skeletal muscle. We [11] and others [12] have
previously reported that PPARPB/S activation increases
InsR levels in the skeletal muscle and adipocytes, respec-
tively. However, the mechanisms involved remained
unknown. In the present study, the reduction in InsRp
in the skeletal muscle of Ppard~'~ mice was found to be
associated with an increase in the levels of the ER stress
marker CHOP, with GW501516 reducing the protein lev-
els of CHOP and ATF4 in skeletal muscle. In addition,
GW501516 partially reversed the reduction in InsRp lev-
els caused by the ER stressor tunicamycin and attenuated
the increase in CHOP levels in C2C12 myotubes. Since
InsR levels have been reported to be negatively associ-
ated with CHOP levels in the insulin target tissues of db/
db mice and HFD-fed mice [6], these findings suggest
that the inhibitory effect of PPARB/S on ER stress [24] is
involved in these changes (Fig. 6).

Besides ER stress, another factor contributing to the
reduction in InsRp levels is hyperinsulinemia [5, 8]. In
fact, hyperinsulinemia causes an increase in the lyso-
somal degradation of the InsRp [5]. Consistent with this,
we observed that inhibition of the lysosomal degradation
by chloroquine nearly completely reverted the reduc-
tion in InsRp levels caused by tunicamycin. This suggests
that the ER stress-mediated degradation of the InsRp
ultimately involves increasing its lysosomal degradation.
Lysosomal degradation can be monitored by measuring
the protein levels of p62, which is degraded via autophagy
and lysosomal pathways [23]. Along this line, chloroquine
increased the protein levels of p62 in C2C12 myotubes
exposed to tunicamycin. Interestingly, since we observed
an increase in p62 levels in C2C12 myotubes treated
with GW501516, we hypothesized that PPARB/S acti-
vation might affect lysosomal activity. In fact, our find-
ings show that tunicamycin increases lysosomal activity
in C2C12 myotubes, but co-incubation with GW501516
reverses this increase. A previous study reported that the
PPARPB/S agonist HPP593 increases the accumulation of
the p62 protein in the kidneys of rats [32], supporting
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Fig. 4 The PPARB/S agonist GW501516 prevents the increase in lysosomal activity caused by exposure to tunicamycin in C2C12 myotubes. A) Western
blot analysis with antibodies against InsR3 or p62 in C2C12 myotubes exposed to 0.1 ug/mL of tunicamycin (TM) in the presence or absence of 50 uM
of chloroquine, an inhibitor of lysosomal degradation, for 24 h. (B) p62 protein levels in C2C12 myotubes exposed to TM (0.1 ug/mL) in the presence or
absence of 10 uM of the PPARR/6 agonist GW501516 for 24 h. (C) Lysosomal activity in C2C12 myotubes exposed to TM (0.1 pg/mL) in the presence or
absence of 10 uM of GW501516 for 24 h. Data are presented as the mean +SD. *p <0.05 and ***p < 0.001 versus control. *p <0.01 and ##p < 0.001 versus

TM. p-values were determined by ANOVA with Tukey's post-hoc test

a role for PPARP/S in lysosomal activity. Therefore, our
findings suggest that PPARPB/S activation prevents ER
stress-mediated InsRp degradation by reducing both ER
stress and lysosomal degradation.

The findings of the present study discard the involve-
ment of AMPK and p53 in the beneficial effect of
PPARPB/S activation on ER stress-mediated InsRp deg-
radation. Although many of the metabolic effects of
PPARP/® agonists are mediated by AMPK [26], the

AMPK activator A769662 did not significantly restore
InsRp levels in the cells exposed to tunicamycin. PPARB/&
agonists can increase the levels of p53 via AMPK [11],
while p53 has been reported to increase InsR expression
[22]. However, the upregulation of p53 levels by treating
C2C12 cells with nutlin-3 did not restore InsRp levels in
the cells exposed to tunicamycin.

Hyperinsulinemia induces InsRp degradation in the
liver through EphB4 [8]. This tyrosine kinase receptor
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Fig. 5 PPARR/S activation reduces the protein levels of EphB4 in C2C12 myotubes. (A) Skeletal muscle cell lysate extracts from Ppard™~ and WT mice
were assayed via western blot analysis with antibodies against EphB4 or GAPDH (n=5 animals). (B) Skeletal muscle cell lysate extracts from control mice
and mice treated with GW501516 for 6 days were assayed via western blot analysis with antibodies against EphB4 or GAPDH (n=5 animals). (C) CHOP
and EphB4 protein levels in C2C12 myotubes exposed to 0.1 ug/mL of tunicamycin (TM) in the presence or absence of 50 uM of chloroquine, an inhibitor
of lysosomal degradation, for 24 h. Data are presented as the mean+SD. *p<0.05 and ***p <0.001 versus control. “p<0.01 and "p<0.001 versus TM.
p-values were determined by ANOVA with Tukey's post-hoc test or by two-tailed unpaired Student'’s t-test

binds to the InsRP, which facilitates the endocytosis
of the InsRp and its degradation in lysosomes. Consis-
tent with this, the inhibition of lysosomal degradation
reversed the effect of EphB4 overexpression on InsRp
levels. These findings indicate that the modulation of
EphB4 levels impacts InsRp degradation. Interestingly,
in the present study, Ppard”'~ mice displayed higher
levels of EphB4 in the skeletal muscle compared to WT

mice, while treatment of the WT mice with GW501516
reduced EphB4 protein levels. These data suggest that the
reduction in InsRp degradation caused by the activation
of PPARB/S may also involve a decrease in EphB4 lev-
els, thereby attenuating the transport of the InsRp to the
lysosomes for degradation. However, how PPARp/S reg-
ulates EphB4 still needs to be clarified in future studies
with larger cohorts of mice. Therefore, a limitation of this
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Fig. 6 Proposed mechanistic model in which PPARR/6 activation prevents the ER stress-mediated reduction in InsR levels by attenuating both ER stress

and the increase in lysosomal activity as well as by reducing EphB4 levels

study is that we have not provided the specific molecu-
lar mechanism involved in the regulation of EphB4 by
PPARP/S.

Conclusions

Collectively, the findings of this study highlight a novel
regulatory mechanism in which PPARB/d activation pre-
vents the ER stress-mediated reduction in InsRp levels by
attenuating both ER stress and the increase in lysosomal
activity as well as by reducing EphB4 levels.
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