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Background: Emerging evidence from animal studies and clinical trials indicates that systemic 
inhibition of endothelin1 (ET1) signaling by endothelin receptor antagonists improves patholo
gical features of diabetes and its complications. It is indicated that endothelin type A receptor 
(ETAR) plays a major role in ET1-mediated pathophysiological actions including diabetic 
pathology. However, the effects as well as the mechanistic targets of hepatic ET1/ETAR 
signaling inhibition on the pathology of metabolic diseases remain unclear. This study aimed 
to investigate the beneficial effects as well as the underlying mechanisms of hepatic ETAR 
knockdown on metabolism abnormalities in high-fat diet (HFD)-fed mice.
Methods: Mice were fed a HFD to induce insulin resistance and metabolism abnormalities. L02 
cells were treated with ET1 to assess the action of ET1/ETAR signaling in vitro. Liver-selective 
knockdown of ETAR was achieved by tail vein injection of adeno-associated virus 8 (AAV8). 
Systemic and peripheral metabolism abnormalities were determined in vivo and in vitro. 
Mitochondrial fragmentation was observed by transmission electron microscope (TEM) and 
mitoTracker red staining.
Results: Here we provided in vivo and in vitro evidence to demonstrate that liver-selective 
knockdown of ETAR effectively ameliorated hepatic insulin resistance and hyperglycemia in 
HFD-fed mice. Mechanistically, hepatic ETAR knockdown alleviated mitochondrial frag
mentation and dysfunction via inactivating 66-kDa Src homology 2 domain-containing 
protein (p66Shc) to recover mitochondrial dynamics, which was mediated by inhibiting 
protein kinase Cδ (PKCδ), in the livers of HFD-fed mice. Ultimately, hepatic ETAR knock
down attenuated mitochondria-derived oxidative stress and related liver injuries in HFD-fed 
mice. These ETAR knockdown-mediated actions were confirmed in ET1-treated L02 cells.
Conclusion: This study defined an ameliorative role of hepatic ETAR knockdown in HFD- 
induced metabolism abnormalities by alleviating p66Shc-mediated mitochondrial fragmenta
tion and consequent oxidative stress-related disorders and indicated that hepatic ETAR 
knockdown may be a promising therapeutic strategy for metabolic diseases.
Keywords: endothelin-1, endothelin type A receptor, 66-kDa Src homology 2 domain- 
containing protein, mitochondrial fragmentation, metabolism abnormality

Introduction
Endothelin1 (ET-1), a 21-amino acid vasoconstrictor peptide, has been implicated 
in a range of pathophysiological processes, such as vasoconstrictor tone, humoral 
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homeostasis, neurotransmission, oxidative stress, inflam
mation and ER stress, which is mediated mainly through 
two G-protein coupled receptor subtypes, endothelin sub
type A receptor (ETAR) and endothelin subtype B receptor 
(ETBR).1–3 The serum level of ET1 is significantly heigh
tened in diabetic patients and experimental animals, which 
has recently been recognized as a potential contributing 
factor underlying the pathogenesis of diabetes and its 
complications.3–5 Systemic inhibition of ET1 signaling 
by endothelin receptor antagonists has been reported to 
improve pathological features of diabetes and its 
complications.6–9 Though the selective and dual antago
nists of ETAR and ETBR have all been reported to 
improve pathological features of diabetes and its 
complications.6–9 Substantial evidence suggests that 
ETAR plays a major role in ET1-mediated pathophysiolo
gical actions including diabetic pathology.8–12 For 
example, ET1 promotes lipolysis, and suppresses insulin- 
stimulated glucose and long-chain fatty acid (LCFA) 
uptakes and adiponectin secretion in adipocytes, contribut
ing to hyperlipidemia, hyperglycemia and insulin resis
tance, which was mainly mediated by ETAR and can be 
reversed by its selective antagonists.9 In muscle, ETAR 
selective antagonists abrogate the inhibitory effects of ET1 
on cluster of differentiation 36 (CD36) expression and 
insulin-induced glucose uptake and insulin signaling, ame
liorating atherosclerosis, hyperglycemia and insulin 
resistance.10,11 Especially, ET1 and ETAR or ETBR selec
tive agonists augment glucose production in perfused rat 
liver, while ETAR selective antagonist, but not ETBR 
selective antagonist, prevents ET1-induced enhancement 
of hepatic glucose production.12 Moreover, ETAR selec
tive antagonists abate hepatic steatosis and restore hepatic 
insulin signaling to improve whole-body glucose metabo
lism in diabetic animals.9 These studies indicate an impor
tant role of ET1/ETAR signaling in the pathogenesis of 
metabolic diseases. It has been well established that hepa
tic metabolic disorders lead to systemic metabolism 
abnormalities, such as hyperglycemia and hyperlipemia, 
which contribute to the pathogenesis of diabetes.13 Thus, 
hepatic ET1/ETAR signaling may play an important role 
in the pathogenesis of metabolism abnormalities; however, 
its definite effects as well as the underlying mechanisms 
remain unclear. Moreover, whether and how blocking 
hepatic ET1/ETAR signaling ameliorates metabolism 
abnormalities have never been investigated.

Mitochondria are essential for various cellular pro
cesses, such as bioenergetics, metabolism, signal 

transduction, Ca2+ homeostasis, stress response and apopto
sis. As mitochondrion is a regulatory hub for bioenergetics 
and metabolism, its dysfunction has emerged as a key 
player in the pathogenesis of metabolic diseases.14 

A functional mitochondrial network is maintained via 
a balance of mitochondrial fusion, fission, namely mito
chondrial dynamics, and mitophagy.15 Mitochondrial frag
mentation results from disrupted mitochondrial dynamics 
by unopposed fission and/or compromised fusion, leading 
to excessive ROS production, inflammation, declined ATP 
production and fatty acid oxidation, contributing to glucose 
and lipid metabolism disorders and insulin resistance.16,17 

There is evidence that mitochondrial dysfunction is 
involved in ET1-mediated cellular injuries.18,19 ET1 
restrains the key genes expression of mitochondrial electron 
transport chain and consequent bioenergetics in retinal 
ganglion cells (RGCs).18 A recent study indicates ET1 
promotes vasoconstriction by increasing mitochondrial fis
sion, which plays a major role in the pathogenesis of 
hypertension.19 However, whether and how mitochondrial 
fragmentation participates in the regulation of ET1/ETAR 
signaling on metabolism abnormalities has yet to be 
clarified.

66-kDa Src homology 2 domain-containing protein 
(p66Shc), a redox enzyme, plays a key role in the patho
genesis of mitochondrial dysfunctions in various patho
physiologic conditions.20,21 Moreover, p66Shc has also 
been well identified as an important contributor to diabetes 
and its complications.22,23 Thus, p66Shc is a crucial reg
ulator of mitochondrial dysfunctions-mediated metabolic 
disorders. Based on these previous studies, we proposed 
that hepatic knockdown of ETAR improves hepatic insulin 
resistance and hyperglycemia via suppressing p66Shc- 
mediated mitochondrial fragmentation and consequent 
oxidative stress-related disorders in HFD-fed mice. The 
present study was designed to define these issues.

Materials and Methods
Mice and Treatments
All animal care and experimental procedures were con
ducted according to the guidelines for the care and use of 
laboratory animals (Chinese Ministry of Science and 
Technology) and were approved by the Institutional 
Animal Care and Use Committee of Jiangsu Normal 
University (Permit Number: 2020–0062).

Male C57BL/6J mice (6-week-old) were purchased 
from Hua-fu-kang Biological Technology Co. Ltd 
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(Beijing, China). Mice were kept under a 12-h light/dark 
cycle with ad libitum access to rodent food and tap water. 
After two weeks of acclimation period, mice were ran
domly divided into four groups: Normal diet (ND)+nega
tive control shRNA (shNC) group, ND+ETAR shRNA 
(shETAR) group, HFD+shNC group and HFD+shETAR 
group. Mice received a ND (10% of energy as fat; 
D12450B; Research Diets, New Brunswick, NJ, USA) or 
a HFD (60% of energy as fat; D12492; Research Diets) for 
20 weeks. After 14 weeks of dietary manipulation, 
PHBAAV8-U6-MCS-CMV-ZsGreen vectors containing 
ETAR shRNA (Hanbio Biotechnology Co., Ltd, 
Shanghai, China) or negative control (Hanbio 
Biotechnology) were administrated to mice by a tail vein 
injection at doses of 1.5×1011 vg/mouse. The ETAR 
siRNA sequence is as follows: 5′- GCCATTGAA ATCG 
TCTCCATCTGGA-3′.

After 20 weeks of dietary manipulation, anaesthetized 
mice were sacrificed. The liver, adipose tissues and blood 
were quickly collected for experiments or kept frozen at 
−80°C until use.

Glucose, Insulin and Pyruvate Tolerance 
Tests
After 4 weeks of AAV8 injection, glucose tolerance tests 
(GTT), insulin tolerance tests (ITT) and pyruvate tolerance 
tests (PTT) were performed every 4–5 days within 2 weeks. 
For GTT and PTT, mice were fasted for 16 h and received an 
oral administration of glucose (2 g/kg body weight) or intra
peritoneal (i.p.) injection of pyruvate (2 g/kg body weight) 
respectively. Blood glucose values were assessed by tail 
venipuncture immediately before (0 min) and after (15, 30, 
45, 60, 90, and 120 min). For ITT, mice were fasted for 6 
h and received an i.p. injection of insulin (0.75 units/kg body 
weight). Blood glucose values were assessed immediately 
before (0 min) and after (15, 30, 60, 90, and 120 min).

Biochemical Analyses
For biochemical analyses, the blood and liver samples were 
collected at overnight fasting state. Blood glucose was 
monitored using an Ascensia Elite glucose meter (Bayer 
Corporation, Mishawaka, IN, USA) by tail venipuncture. 
Lipids were extracted from liver tissues and L02 cells using 
chloroform:methanol (2:1v/v) solution. The levels of serum, 
hepatic and intracellular triglyceride (TG) were measured 
with a corresponding LabAssay kit (Wako Chemicals, 
Richmond, VA, USA). The activities of serum alanine 

aminotransferase (ALT) were determined using 
a diagnostic kit (Jiancheng Institute of Biotechnology, 
Nanjing, China). β-hydroxybutyrate (β-OHB) in plasma 
and culture medium was measured using a beta-HB 
Fluorometric Assay Kit (Abcam, Cambridge, UK). All bio
chemical analyses were conducted according to the indi
cated manufacturer instructions.

Enzyme-Linked Immunosorbent Assay 
(ELISA)
The serum levels of ET1 and insulin were analyzed using 
the ELISA kits (mouse ET1 ELISA kit: (Invitrogen, 
Thermo Fisher Scientific, Carlsbad, CA, USA); mouse 
insulin ELISA kit: ALPCO Diagnostics, Windham, NH, 
USA) according to the manufacturer’s instructions.

Histopathological Analysis
Frozen liver sections were prepared and then stained with 
hematoxylin-eosin (Sigma-Aldrich, St. Louis, MO, USA) 
as previously described.24

Cell Culture and Treatment
The human normal liver cell line L02 cells (Shanghai Cell 
Bank of the Chinese Academy of Sciences, Shanghai, 
China) were maintained in Dulbecco’s modified eagle 
medium (DMEM; Gibco, Carlsbad, California, USA) sup
plemented with 10% heat-inactivated fetal bovine serum 
(FBS; Gibco, Carlsbad, California, USA), 100 units/mL 
penicillin, and 100 μg/mL streptomycin at 37°C, 5% CO2. 
24 h after recombinant adenovirus infection, L02 cells 
were stimulated with 50nm ET1 (Sigma-Aldrich) for 
another 24 h, the dosage of ET1 was according to the 
previous studies.9,25

For genes knockdown, L02 cells were infected with 
recombinant adenovirus based on pHBAd-U6-CMV-GFP 
vector containing ETAR shRNA, protein kinase Cδ 
(PKCδ) shRNA, p66Shc shRNA or negative control 
shRNA at a multiplicity of infection of 100 for 48 h. For 
p66Shc overexpression, L02 cells were infected with 
recombinant adenovirus expressing pHBAd-MCMV- 
p66Shc or pHBAd-MCMV-GFP at a multiplicity of infec
tion of 100 for 48 h. All recombinant adenovirus was 
designed and constructed by Hanbio Biotechnology Co., 
Ltd. (Shanghai, China). The shRNA target sequences are 
as follows: ETAR: 5ʹ-ACAATGACTTTGGCGTATTTC 
-3ʹ; p66Shc: 5ʹ-CCGCTTTGAAAGTGTCAGTCA-3ʹ; 
PKCδ: 5′-CAGAGCCTGTTGGGATATATC-3′.
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For in vitro insulin signaling analysis, cells were sti
mulated with 100 nM insulin (Sigma-Aldrich) for 15 min.

Glucose Production Assay
L02 cells were transfected with Ad-shETAR or Ad-shNC 
for 24 h followed by being treated with or without ET1 
(50nm/mL) for 24 h. L02 cells were incubated in Krebs- 
Ringer HEPES (KRH) buffer supplemented with or with
out gluconeogenic substrates (10 mM lactate and 5 mM 
pyruvate) for 6 h following being washed with PBS three 
times. Glucose concentrations in the medium were deter
mined using a glucose assay kit (Sigma-Aldrich) and nor
malized to cellular protein.

Mitochondrial Morphology
The ultrathin sections (70 nm) of liver tissues were pre
pared and stained as described in our previous work.26 

Images were captured using transmission electron micro
scope (TEM, FEI Tecnai™ G2 T12, USA) at 10,000 × 
magnification. Mitochondrial fragmentation was quantified 
by calculating the percentage of fragmented mitochondria 
in 10 random microscopic fields (100 μm2) per sample.

For observation of mitochondrial morphology in cells, 
L02 cells were seeded onto glass coverslips in 6-well 
plates and subjected to the indicated treatments. Then, 
cells were stained with 100 nM MitoTracker™ Red 
CMXRos (Invitrogen) for labeling mitochondria. The 
nucleus was visualized using 4, 6-diamidino-2-phenylin
dole (DAPI, Invitrogen). Images were acquired with 
a Leica TCS SP8 confocal microscope equipped with 
a Leica DMI 8 inverted microscope (Leica).

Assessment of Mitochondrial Function
The intact mitochondria were isolated from mouse livers or 
cells with a mitochondria isolation kit (Beyotime Institute of 
Biotechnology, Beijing, China) according to the manufac
turer’s instructions. The mitochondrial membrane potential 
(Δψm) of isolated mitochondria was assessed by the 5,5ʹ,6,6ʹ- 
tetrachloro-1-1ʹ,3,3ʹ-tetraethylbenzimidazol-carbocyanine 
iodide (JC-1) staining method (Beyotime) as previously 
described.26 ATP content was measured with an ATP assay 
kit (Beyotime) according to the manufacturer’s instructions 
and normalized to cellular protein.

Analysis of Redox Status
ROS content of liver tissue was detected using 2ʹ, 7ʹ- 
dichlorodihydrofluorescein diacetate (H2-DCF-DA) as 
described in our previous study.24 For detection of 

mitochondrial ROS, cells seeded onto glass coverslips 
were stained with 5 μM MitoSOX Red (Invitrogen) for 
20 min. DAPI (Invitrogen) was used to stain the nucleus.

The activity of manganese superoxide dismutase 
(MnSOD) in liver tissues and cells was assessed with 
a commercial assay kit (Jiancheng Institute of 
Biotechnology) following the manufacturer’s instructions.

Immunofluorescence Staining and 
Confocal Imaging
The liver tissue cryosections were prepared and subjected 
to triple immunofluorescence labelling as described in our 
previous work.27 The following primary antibodies 
(Abcam, Cambridge, MA, USA) were used: Rabbit-anti 
translocase of outer mitochondrial membrane 20 (TOM20) 
antibody (ab186735) 1:300 and mouse-anti p-p66Shc anti
body (ab54518) 1:250. The secondary antibodies (Abcam) 
were as follows: goat anti-mouse IgG H&L (Alexa Fluor® 

647) (ab150119) 1:1000 and goat Anti-Rabbit IgG H&L 
(Alexa Fluor® 568) (ab175698) 1:1000. The nucleus was 
visualized with DAPI (Invitrogen). Images were captured 
by a Leica TCS SP8 confocal microscope equipped with 
a Leica DMI 8 inverted microscope (Leica).

Quantitative Real-Time Polymerase Chain 
Reaction
Total RNA extraction, reverse transcription and real-time 
PCR were conducted as previously described.24 The pri
mers used were: murine Tumor necrosis factor α (mTNF- 
α): Forward, 5′-TCTCATTCCTGCTTGTGG-3′, Reverse, 
5′-ACTTGGTGGTTTG CTACG-3′; murine Interleukin- 
1β (mIL-1β): Forward, 5′-AAATACCTGTGGCCTTGG 
GC-3′, Reverse, 5′-CTTGGGATCCACACTCTCCAG-3′; 
murine Interleukin-6 (mIL-6): Forward, 5′-GGTACATCC 
TCGACGGCATCT-3′, Reverse, 5′-GTGCCTCTTTGCTG 
CTTTCAC-3′; murine β-actin, Forward: 5ʹ-TGCTGTCCC 
TGTATGCCTCTG-3ʹ, Reverse: 5ʹ- TTGATGTCACGCA 
CGATTTCC-3ʹ; human TNF-α: Forward, 5′- GCTTGTT 
CCTCAGCCTCTTC −3′, Reverse, 5′-GGTTATCTCTCA 
GCTCCACGC −3′; human IL-1β: Forward, 5′-GCCCT 
AAACAGATGAAGTGCTC-3′, Reverse, 5′-GAACCA 
GC ATCTTCCTCAG-3′; human β-actin, Forward: 5ʹ- GA 
GACCTTCAACACCCCAGC −3ʹ, Reverse: 5ʹ- GCTCA 
TTGCCAATGGTGATG −3ʹ. The comparative cycle 
threshold (Ct) method was used to relatively quantified 
mRNAs by normalizing target mRNA Ct values to those 
for β-actin.
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Carnitine Palmitoyltransferase 1 (CPT1) 
Activity Assay
The CPT1 activities in liver tissues and cells were assessed 
spectrophotometrically according to the protocol described 
in previous studies.28,29 The protein lysates were incubated 
in the reaction buffer (20 mM Tris, pH 8.0, 1 mM EDTA) 
containing 1 mM 5, 5′-dithio-bis-(2-nitrobenzoic acid) 
(DTNB, Sigma) for 30 min at room temperature. Then, 
100 μM palmitoyl-CoA (Sigma) and 5 mM L-carnitine 
(Sigma) were added to the reaction mixtures to start the 
reaction. The production of CoA-SH from palmitoyl-CoA 
was detected at 412 nm. The activity of CPT1 was pre
sented as nmol CoA-SH released/min/mg protein.

Western Blot and 
Coimmunoprecipitation (Co-IP) Analysis
The extraction of cytosolic and mitochondrial protein was 
conducted using a mitochondria isolation kit (Beyotime 
Institute of Biotechnology) following the manufacturer’s 
instructions. Membrane-associated and cytosolic fractions 
were separated as previously described.30,31 Total protein 
extraction and Western blot analyses were performed as 
described in our previous work.24 Protein concentration 
was determined by a bicinchoninic acid assay kit (Pierce 
Biotechnology, Rockford, IL, USA). The following pri
mary antibodies were used: Rabbit-anti p-insulin receptor 
β-subunit (IRβ) (Tyr1150/1151) (#3024), Rabbit-anti IRβ 
(#23413), Rabbit-anti p-protein kinase B (Akt) (Ser 473) 
(#9271), Rabbit-anti Akt (#9272), Rabbit-anti phosphoe
nolpyruvate carboxykinase (PEPCK) (#12940) and mouse- 
anti β-Actin (#3700) antibodies (Cell Signaling 
Technology, Inc., Beverly, MA, USA); Rabbit-anti 
Glucose-6-phosphatase (G6PC) antibody (PA5-42541, 
Invitrogen); Rabbit-anti ZsGreen antibody (632474, 
Clontech/Takara, Mountain View, CA, USA); Rabbit-anti 
ETAR (ab117521), Rabbit-anti TOM20 antibody 
(ab186735), mouse-anti p-p66Shc antibody (Ser 36) 
(ab54518), Rabbit-anti p66Shc (ab33770), Rabbit-anti 
Mitofusin 1 (Mfn1) (ab104274), Rabbit-anti Mitofusin 2 
(Mfn2) (ab124773), Rabbit-anti dynamin-related protein 1 
(DRP1) (ab184247), Rabbit-anti p-PKCδ (Thr 505) 
(ab60992) and Rabbit-anti PKCδ (ab182126) antibodies 
(Abcam, Cambridge, MA, USA). The secondary antibo
dies (Cell Signaling Technology) were as follows: Goat- 
anti rabbit (HRP-conjugated, #7074) and Horse-anti 
mouse (HRP-conjugated, #7076). The immunoreactive 
bands of proteins were quantified by Scion Image analysis 

software (Scion Corp., Frederick, MD, USA). The optical 
density (OD) was normalized to internal control (optical 
density detected protein/optical density internal control).

For Co-IP, equal amounts of proteins (1 mg) in liver 
tissues or cell lysates were incubated with mouse-anti 
p66Shc antibody (sc-967, Santa Cruz Biotechnology, CA, 
USA) overnight at 4°C following preclearing by protein A 
+G-sepharose beads (Santa Cruz Biotechnology). The 
immune complexes were incubated with protein A 
+G-sepharose beads followed by being washed four 
times and then were subjected to Western blot analysis 
with rabbit-anti p66Shc (ab33770) and rabbit-anti p-PKCδ 
(Thr 505) (ab60992) (Abcam).

Statistical Analyses
Data were expressed as the means ± standard deviation 
(SD) and analyzed using SPSS software version 22. 
Significant differences of data were assessed by two- 
tailed Student’s t-test (Comparison between two groups) 
and by one-way or two-way analysis of variance 
(ANOVA) followed by Tukey’s Honestly Significant 
Difference (HSD) post hoc test (more than two groups). 
Statistical significance was accepted at a value of p < 0.05.

Results
Hepatic Knockdown of ETAR Improves 
Hepatic Insulin Resistance and 
Hyperglycemia in HFD-Fed Mice
The serum level of ET1, as well as the protein expression 
of hepatic ETAR, was markedly augmented, indicating an 
upregulation of hepatic ET1/ETAR signaling in HFD-fed 
mice (Figure 1A and B). HFD resulted in an evident 
obesity (Supplementary Figure 1A–C) and hyperglycemia 
(Figure 1C), and observably elevated metabolic para
meters including serum insulin (Figure 1D) and TG (tri
glycerides, the serum concentration of whom is associated 
with the development of metabolic diseases such as dia
betes and cardiovascular disease. Supplementary Figure 
1D) and hepatic TG (Its concentration is linked to hepatic 
steatosis and lipotoxicity. Supplementary Figure 1E) in 
mice. The striking impairments of glucose tolerance and 
systemic insulin sensitivity were observed in HFD-fed 
mice (Figure 1E and F). Moreover, the insulin signaling 
transduction was markedly disrupted as evidenced by 
a remarkable decrease in the phosphorylation of IR at 
Tyr1150/1151 and phosphorylation of Akt at Ser473 in 
the livers of HFD-fed mice (Figure 1G). Consequently, 
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the blood glucose level upon pyruvate injection and the 
protein expression of gluconeogenic enzymes including 
PEPCK and G6PC were strikingly heightened (Figure 1H 
and I), indicating an enhanced gluconeogenesis in HFD- 
fed mouse livers.

To study the ameliorative role of hepatic inhibition of 
ETAR in hepatic insulin resistance and hyperglycemia, 
a liver-selective knockdown of ETAR by AAV8-mediated 
shRNA delivery was conducted in mice. AAV8-mediated 
ETAR shRNA delivery significantly abated the protein 
expression of ETAR in livers (Figure 1A), while caused 
a slight but non-significant decrease in ETAR protein 

expression in skeletal muscles and adipose tissues 
(Supplementary Figure 2), in both ND- and HFD-fed mice, 
suggesting an establishment of liver-specific ETAR knock
down. Hepatic ETAR knockdown did not notably influence 
the serum level of ET1 in both ND- and HFD-fed mice 
(Figure 1B). Noteworthily, hepatic ETAR knockdown ame
liorated hyperglycemia without affecting body weight and the 
weights of epididymal white adipose tissue (eWAT), and 
inguinal WAT (iWAT) in HFD-fed mice (Figure 1C and 
Supplementary Figure 1A–C). These metabolic parameters 
(Serum insulin and TG and hepatic TG, Figure 1D and 
Supplementary Figure 1D and E), as well as the impairments 

Figure 1 Hepatic knockdown of ETAR ameliorates hyperglycemia, hepatic insulin resistance and gluconeogenesis in HFD-fed mice. (A) Protein expression of ETAR in 
mouse livers, n=5. (B) Serum ET1 concentration in mice, n=5. (C) Fasting blood glucose in mice, n=10. (D) Fasting serum insulin in mice, n=5. (E) GTT and area under the 
curve (AUC) of blood glucose levels in mice, n=5. (F) ITT and AUC of blood glucose levels in mice, n=5. (G) Protein expression of the components of insulin signaling (p-IR 
and p-Akt) in mouse livers, n=3. (H) PTT and AUC of blood glucose levels in mice, n=5. (I) Protein expression of gluconeogenic enzymes (PEPCK and G6PC) in mouse 
livers, n=3. *P < 0.05, **P < 0.01, ***P < 0.001; #P < 0.05, ##P < 0.01, ###P < 0.001 versus the HFD + shNC group.
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of glucose tolerance and systemic insulin sensitivity (Figure 
1E and F), were dramatically improved by hepatic ETAR 
knockdown in HFD-fed mice. Furthermore, hepatic ETAR 
knockdown effectively restored insulin signaling transduction 
and attenuated gluconeogenesis in the livers of HFD-fed mice 
(Figure 1G–I).

ETAR Knockdown Recovers Insulin 
Sensitivity and Diminishes Glucose 
Production in ET1-Treated Hepatocytes
The serum level of ET1 is pathologically elevated in clinical 
and experimental diabetes, contributing to both systemic and 
peripheral metabolism abnormalities.8–12,32 L02 cells were 
treated with ET1 to imitate the high ET1 circumstances in 
the livers of HFD-fed mice. To confirm the role of ETAR 
knockdown in improving hepatic insulin resistance and glu
cose production in HFD-fed mice in vitro, L02 cells were 
infected with adenoviral shRNAs to knockdown ETAR 
(Figure 2A: diminished ETAR protein levels by 70% in 

ET1-treated L02 cells). Insulin-stimulated Akt phosphoryla
tion was notably reduced in ET1-treated L02 cells (Figure 
2B), indicating an impaired insulin sensitivity. Noteworthily, 
ETAR knockdown restored insulin sensitivity in ET1-treated 
L02 cells (Figure 2B). Consequently, glucose productions 
were markedly increased by 57.62% in ET1-treated L02 
cells (Figure 2C) compared to those of controls. 
Dramatically, ETAR knockdown lowered the glucose pro
duction in ET1-treated L02 cells (Figure 2C). Moreover, 
ET1 treatment strikingly elevated the protein expression of 
gluconeogenic enzymes in L02 cells, which was markedly 
suppressed by ETAR knockdown (Figure 2D).

Hepatic Knockdown of ETAR Alleviates 
Mitochondrial Fragmentation and 
Dysfunction in the Livers of HFD-Fed 
Mice
Recently, mitochondrial dysfunction has been recognized as 
a potential driver of insulin resistance and the disorders of 

Figure 2 ETAR knockdown enhances insulin sensitivity and decreases glucose production in ET1-treated hepatocytes. L02 cells infected with Ad-shETAR were treated with 
50nm ET1. (A) Protein expression of ETAR in L02 cells. (B) Analysis of insulin sensitivity in L02 cells. (C) Glucose production assay in L02 cells. (D) Protein expression of 
gluconeogenic enzymes (PEPCK and G6PC) in L02 cells. All of the values are expressed as the mean ± SD. *P < 0.05, ***P < 0.001 versus control cells; ##P < 0.01, ###P < 
0.001 versus ET1-treated cells; &<0.05, &&&<0.001 versus the cells under basal conditions (without insulin).
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glucose and lipid metabolism during metabolic diseases.14 

Thus, we evaluated the beneficial effects of hepatic knock
down of ETAR on mitochondrial functions in HFD-fed 
mice. We found a striking impairment of mitochondrial 
function occurred in the livers of HFD-fed mice, as indicated 
by a remarkable decrease in ΔΨm level and the consequent 
decline of ATP production (Figure 3A and B). Notably, 
ETAR knockdown improved these mitochondrial dysfunc
tions in the livers of HFD-fed mice (Figure 3A and B). In 
various tissues during diabetes, the mitochondrial network 
displays extensive fragmentation, which leads to mitochon
drial dysfunction.16,17 TEM analysis showed that mitochon
drial network was obviously fragmented in the livers of 
HFD-fed mice, which was dramatically ameliorated by 
ETAR knockdown (Figure 3C).

Hepatic Knockdown of ETAR Inactivates 
p66Shc to Renew Mitochondrial 
Dynamics in the Livers of HFD-Fed Mice
Phosphorylation of p66Shc on serine 36 facilitates its 
translocation into mitochondrial intermembrane space to 

damage mitochondrial function.20,21 Both phosphory
lated (Ser 36) and total p66Shc protein expressions 
were markedly augmented in the livers of HFD-fed 
mice (Figure 4A). Immunofluorescence staining showed 
that HFD observably promoted the colocalization of 
p-p66Shc (Ser 36) with TOM20 (mitochondrial marker) 
in the mouse livers (Figure 4B), indicating an enhanced 
mitochondrial translocation of p-p66Shc (Ser 36). 
Interestingly, ETAR knockdown notably lowered the 
protein expressions of phosphorylated p-p66Shc (Ser 
36) and the mitochondrial translocation of p-p66Shc 
(Ser 36), while did not significantly influence total 
p66Shc levels, in the livers of HFD-fed mice (Figure 
4A and B). Recent studies suggest that p66Shc is asso
ciated with mitochondrial dynamics disorders in diverse 
diseases.20,21 Mfn 1 and 2 are two key fusion protein 
localized to outer mitochondrial membrane (OMM) to 
mediate the latter fusion.15 DRP1 is a key pro-fission 
protein localized in the cytosol, which drives mitochon
drial fission by recruiting to OMM to oligomerize and 
form Drp1 spiral structures.15 Thus, we determined the 
protein levels of these mitochondrial dynamics- 

Figure 3 Hepatic knockdown of ETAR alleviates mitochondrial dysfunction and fragmentation in HFD-fed mouse livers (n=5). (A) Δψm level in mouse livers. (B) ATP 
content in mouse livers. (C) Mitochondrial fragmentation analysis by transmission electron microscopy (TEM) in mouse livers. All of the values are expressed as the mean ± 
SD. *P < 0.05, ***P < 0.001 versus the ND + shNC group; ###P < 0.001 versus the HFD + shNC group.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                           

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14 970

Feng et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Figure 4 Hepatic knockdown of ETAR abates phosphorylation and mitochondrial translocation of p66Shc and restores mitochondrial dynamics in HFD-fed mouse livers. 
(A) Protein expression of phosphorylated (Ser 36) and total p66Shc in mouse livers, n=3. (B) The mitochondrial translocation of p-p66Shc (Ser 36) were determined by 
immunofluorescence staining in mouse livers, n=5. (C) Protein expression of mitochondrial dynamics-related proteins (Mfn1, Mfn2, Drp1 and TOM20) in mouse livers, n=3. 
All of the values are expressed as the mean ± SD. **P < 0.01, ***P < 0.001 versus the ND + shNC group; ##P < 0.01, ###P < 0.001 versus the HFD + shNC group.
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modulating proteins to study whether mitochondrial 
dynamics disorders participate in the actions of ETAR 
knockdown. Observably, HFD caused a decrease in the 
protein expressions of Mfn1 and Mfn2 but increased the 
protein expressions of Drp1 in mouse livers (Figure 4C), 
suggesting a disruption in hepatic mitochondrial 
dynamics. Dramatically, ETAR knockdown recovered 
the protein expressions of Mfn1 and decreased the pro
tein expressions of Drp1, while did not significantly 
influence the protein expressions of Mfn2 in the livers 
of HFD-fed mice (Figure 4C). These results suggested 
that Hepatic knockdown of ETAR might recover mito
chondrial dynamics via enhancing mitochondrial fusion 
and interrupting mitochondrial fission.

p66Shc Inactivation is Responsible for the 
Beneficial Effects of ETAR Knockdown on 
Mitochondrial Dynamics and Function in 
ET1-Treated Hepatocytes
To confirm the involvement of p66Shc in these above- 
mentioned regulatory effects of hepatic ETAR knock
down, L02 cells were co-infected with Ad-shETAR and 
Ad-p66Shc or infected with Ad-shp66Shc. Ad-p66Shc 
infection significantly augmented p66Shc and p-p66Shc 
protein levels in L02 cells infected with Ad-shETAR 
followed by ET1 treatment compared to that of con
trols (Figure 5A). ET1 treatment markedly interrupted 
mitochondrial dynamics evidenced by a decreased pro
tein expression of Mfn1 and an increased protein 
expression of Drp1 in L02 cells (Figure 5A). 
Consequently, ET1 treatment largely augmented mito
chondrial fragmentation in L02 cells (Figure 5B). 
Furthermore, ET1 treatment remarkably damaged the 
mitochondrial functions including ΔΨm and ATP pro
duction in L02 cells (Figure 5C and D). Dramatically, 
ETAR knockdown recovered the protein expression of 
these mitochondrial dynamics-modulating proteins to 
decrease mitochondrial fragmentation, thereby restor
ing these mitochondrial functions in ET1-treated L02 
cells, which was notably abrogated by p66Shc over
expression (Figure 5A–D).

Ad-shp66Shc significantly reduced p66Shc and 
p-p66Sh protein levels by 75% and 66%, respectively, 
in ET1-treated L02 cells compared to controls (Figure 
6A). Similar to the results of ETAR knockdown in 
cells, Ad-shp66Shc infection dramatically restored 
ET1-induced impairment of mitochondrial dynamics 

to diminish mitochondrial fragmentation, thereby 
renewing mitochondrial functions in L02 cells 
(Figure 6).

These results indicated that ETAR knockdown 
improved mitochondrial dynamics and functions via inac
tivating p66Shc in ET1-treated L02 cells.

PKCδ Inhibition is Involved in ETAR 
Knockdown-Mediated Inactivation of 
p66Shc in HFD-Fed Mouse Livers and 
ET1-Treated Hepatocytes
PKCδ belongs to novel PKC isoforms, is a pivotal target 
molecule of ET1/ETR signaling, and has been reported 
to phosphorylate p66Shc and facilitate its mitochondrial 
translocation.33–35 Moreover, substantial evidence 
demonstrates PKCδ acts as an important regulator of 
mitochondrial functions, insulin resistance and metabo
lism abnormalities.36,37 Thus, PKCδ may be 
a mechanistic link between ET1/ETAR signaling and 
p66Shc-mediated mitochondrial dysfunction. We inves
tigated whether PKCδ inhibition was involved in ETAR 
knockdown-mediated blocking phosphorylation and 
mitochondrial translocation of p66Shc in the livers of 
HFD-fed mice. We found that HFD largely promoted 
the membrane translocation of PKCδ, which was 
a marker for PKCδ activation, in mouse livers (Figure 
7A). Then, HFD markedly enhanced the phosphoryla
tion of PKCδ at Thr505, which was required for its 
activation in mouse livers (Figure 7A). Interestingly, 
ETAR knockdown observably repressed PKCδ activa
tion, as evidenced by diminished membrane transloca
tion and phosphorylation of PKCδ in HFD-fed mouse 
livers (Figure 7A). Co-IP analysis revealed that HFD 
significantly strengthened the interaction between 
p-PKCδ and p66Shc, which was markedly abated by 
ETAR knockdown, in mouse livers (Figure 7B), indicat
ing a potential role of PKCδ inhibition in ETAR knock
down-mediated p66Shc inactivation.

To confirm the participation of PKCδ in the regulation 
of p66Shc, L02 cells were infected with Ad-shPKCδ 
followed by ET1 treatment. ET1 treatment notably heigh
tened p-PKCδ and p-p66Shc levels (Supplementary 
Figure 3) and thereby elevated the co-IP of p-PKCδ and 
p66Shc (Figure 7C). Similar to the results of ETAR 
knockdown, Ad-shPKCδ dramatically decreased the pro
tein expression of PKCδ, p-PKCδ and p-p66Shc in 
ET1-treated L02 cells (Supplementary Figure 3). 
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Figure 5 p66Shc overexpression abrogates the ameliorative effects of ETAR knockdown on mitochondrial dynamics disorders, fragmentation and dysfunctions in ET1- 
treated L02 cells. L02 cells were co-infected with Ad-shETAR and Ad-p66Shc followed by the treatment of 50nm ET1. (A) Protein expression of total p66Shc, p-p66Shc and 
mitochondrial dynamics-related proteins (Mfn1, Drp1 and TOM20) in L02 cells. (B) Mitochondrial fragmentation was determined by MitoTracker™ Red staining in L02 cells. 
(C) Δψm level in L02 cells. (D) ATP content in L02 cells. All of the values are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus the control cells; 
##P < 0.01, ###P < 0.001 versus the ET1-treated cells; &&<0.01, &&&<0.001 versus the cells treated with ET1 and shETAR.
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Consequently, Ad-shPKCδ markedly suppressed the 
interaction between of p-PKCδ and p66Shc in ET1- 
treated L02 cells (Figure 7C).

Our findings indicated that ETAR knockdown inacti
vated p66Shc by suppressing PKCδ in HFD-fed mouse 
livers and ET1-treated L02 cells.

Hepatic Knockdown of ETAR Mitigates 
Mitochondria-Derived Oxidative Stress 
and Related Liver Injuries in HFD-Fed Mice
Mitochondrial dysfunction disrupts redox balance in mito
chondria including excessive generation of ROS and 
impaired antioxidant system, resulting in cellular oxidative 

Figure 6 p66Shc knockdown alleviates the impairments of mitochondrial dynamics and functions, and mitochondrial fragmentation in ET1-treated L02 cells. L02 cells were 
infected with Ad-shp66Shc followed by the treatment of 50nm ET1. (A) Protein expression of total p66Shc, p-p66Shcand mitochondrial dynamics-related proteins (Mfn1, 
Drp1 and TOM20) in L02 cells. (B) Mitochondrial fragmentation was determined by MitoTracker™ Red staining in L02 cells. (C) Δψm level in L02 cells. (D) ATP content in 
L02 cells. All of the values are expressed as the mean ± SD. **P < 0.01, ***P < 0.001 versus the ET1-treated cells.

Figure 7 ETAR knockdown inhibits PKCδ to inactivate p66Shc in HFD-fed mouse livers and ET1-treated L02 cells. (A) Protein expression of membrane PKCδ and p-PKCδ 
(Thr505) in mouse livers, n=3. (B) The interaction between p-PKCδ and p66Shc in mouse livers, n=3. L02 cells were infected with Ad-shPKCδ followed by the treatment of 
50nm ET1. (C) The interaction between p-PKCδ and p66Shc in L02 cells. All of the values are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus the 
ND + shNC group or control cells; ##P < 0.01, ###P < 0.001 versus the HFD + shNC group or ET1-treated cells.
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stress.38 Thus, we investigated whether ETAR knockdown 
influences oxidative stress in the livers of HFD-fed mice. 
We found that HFD triggered a pronounced oxidative 
stress, as evidenced by a remarkable elevation of ROS in 
mouse livers (Figure 8A). Moreover, the activity of 
MnSOD, a main mitochondrial antioxidant enzyme, was 
notably declined in the livers of HFD-fed mice (Figure 
8B). Noteworthily, ETAR knockdown attenuated the 
severe oxidative stress by decreasing the levels of ROS 
and increasing MnSOD activity in HFD-fed mouse livers 
(Figure 8A and B). Furthermore, mitochondrial dysfunc
tion contributes to the pathogenesis of inflammation, 
which drives insulin resistance.39 Then, we investigate 
whether ETAR knockdown affects inflammation in the 
livers of HFD-fed mice. In this study, HFD significantly 
strengthened the expression of inflammation-related genes 

including TNFα, IL-1β and IL-6 in mouse livers (Figure 
8C). ETAR knockdown remarkably lowered the expres
sion of these inflammation-related genes in the livers of 
HFD-fed mice (Figure 8C). HE staining also confirmed the 
occurrence of inflammation in HFD-fed mouse livers, 
which was effectively reversed by ETAR knockdown 
(Figure 8G). Moreover, mitochondrial dysfunction inter
rupts fatty acid β-oxidation, which leads to accumulation 
of TG, promoting the development of insulin resistance.40 

Thus, we further investigate the regulation of ETAR 
knockdown on fatty acid β-oxidation in the livers of HFD- 
fed mice. HFD notably diminished the activity of CPT1, 
a rate-limiting enzyme of mitochondrial fatty acids trans
port for β-oxidation in mouse livers (Figure 8D). 
Moreover, the level of plasma β-OHB, a marker for hepa
tic fatty acid oxidation, was noteworthily decreased in 

Figure 8 Hepatic knockdown of ETAR reduces mitochondria-derived oxidative stress and related injuries in HFD-fed mouse livers. (A) ROS production in mouse livers, 
n=5. (B) MnSOD activity in mouse livers, n=5. (C) Inflammation-related gene expression in mouse livers, n=3. (D) CPT1 activity in mouse livers, n=5. (E) Plasma β-OHB 
concentration in mice, n=5. (F) Serum ALT levels in mice, n=5. (G) H&E staining of liver sections in mice, n=5. 200 × magnification. Black arrows indicate inflammatory cells. 
All of the values are expressed as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 versus the ND + shNC group; ##P < 0.01, ###P < 0.001 versus the HFD + shNC group.
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HFD-fed mice (Figure 8E). Remarkably, ETAR knock
down recovered fatty acid oxidation in the livers of HFD- 
fed mice (Figure 8D and E). HFD-fed mice exhibited 
a significant liver injury including hepatocyte hypertrophy, 
cytoplasmic vacuolation, lipid accumulation and inflam
mation and elevated level of serum ALT (Figure 8F and 
G). ETAR knockdown effectively improved these liver 
injuries in HFD-fed mice (Figure 8F and G).

To confirm that ETAR knockdown attenuates oxidative 
stress, inflammation and restores fatty acid oxidation by 
suppressing p66Shc-mediated mitochondrial dysfunction, 
L02 cells were co-infected with Ad-shETAR and Ad- 
p66Shc followed by ET1 treatment. ET1 treatment 
induced a significant elevation of mitochondria-derived 
ROS and inflammation-related gene expressions and 
a decline of fatty acid oxidation in L02 cells (Figure 9). 
ETAR knockdown dramatically ameliorated oxidative 
stress, inflammation and fatty acid β-oxidation disorders 
in ET1-treated cells, which was markedly abrogated by 
Ad-p66Shc infection (Figure 9).

Taken together, our results suggested that ETAR 
knockdown abated oxidative stress and inflammation, and 
renewed fatty acid oxidation by repressing p66Shc- 
mediated mitochondrial dysfunction in HFD-fed mouse 
livers and ET1-treated L02 cells.

Discussion
Emerging evidence from animal studies and clinical trials 
indicates a promising therapeutic potential of systemic ET1/ 
ETAR blockage in diabetes and its complications.8–12 

However, the beneficial effects as well as the mechanistic 
targets of hepatic ET1/ETAR signaling inhibition on the 
pathology of metabolic diseases remain unclear. Clarifying 
them helps to encourage the therapeutic applications of ET1/ 
ETAR blockage in metabolic diseases. Here, we provided 
in vivo and in vitro evidence to reveal that liver-selective 
knockdown of ETAR effectively ameliorated hepatic insulin 
resistance and hyperglycemia by alleviating p66Shc- 
mediated mitochondrial fragmentation and consequent oxi
dative stress-related disorders in HFD-fed mice, which was 
mediated by inhibiting PKCδ. This study provided new 
mechanistic insights into hepatic ET1/ETAR signaling inhi
bition-mediated beneficial effects on diabetes pathology and 
suggested that hepatic knockdown of ETAR may be 
a promising therapeutic strategy for metabolic diseases.

As a primary metabolic organ, liver plays a central role in 
maintaining systemic glucose and lipid homeostasis. In this 
study, the impairments of glucose and insulin tolerance, as 

well as hyperglycemia, were markedly ameliorated by hepa
tic knockdown of ETAR in HFD-fed mice, indicating that 
hepatic ETAR knockdown improves systemic glucose meta
bolism and insulin sensitivity. Furthermore, our data showed 
that hepatic knockdown of ETAR significantly attenuated 
gluconeogenesis and lowered hepatic glucose production 
in vitro and in vivo. It has been well established that 
enhanced hepatic gluconeogenesis plays a crucial role in 
augmenting hepatic glucose production and consequent 
hyperglycemia, leading to systemic insulin resistance and 
metabolism abnormalities during diabetes.13,41 Nowadays, 
targeting hepatic glucose metabolism, gluconeogenesis in 
particular, has been identified as an appealing therapeutic 
strategy for metabolic diseases.13 Thus, diminishing gluco
neogenesis-mediated hepatic glucose production might be 
a potential mechanism for hepatic ETAR knockdown- 
mediated improvement of hyperglycemia and systemic insu
lin resistance. Moreover, hepatic steatosis, as well as elevated 
serum TG, was notably reversed by hepatic knockdown of 
ETAR in HFD-fed mice. Hepatic steatosis and hyperlipemia 
increase the supply of gluconeogenic substrate and the gen
eration of mitochondrial acetyl-CoA that is an activator of 
gluconeogenic enzyme pyruvate carboxylase (PC), promot
ing hepatic gluconeogenesis and hyperglycemia.42 In addi
tion, our data showed that hepatic knockdown of ETAR 
dramatically restored insulin signaling in the livers of HFD- 
fed mice. It has been well established that insulin-mediated 
inhibition of gluconeogenesis is impaired and meanwhile 
gluconeogenic substrate supply is augmented under insulin 
resistance conditions, which strengthens hepatic glucose pro
duction and hyperglycemia.41,42 Taken together, hepatic 
ETAR knockdown may alleviate hyperglycemia by mitigat
ing hepatic insulin resistance and gluconeogenesis-mediated 
glucose production in HFD-fed mice.

A wide range of physiological and pathological stimuli, 
such as nutrient excess, ectopic fat depots, senescence, obe
sity and diabetes, induce the disruption of mitochondrial 
dynamics, controlling mitochondrial morphology.15–17 In 
this study, extensive mitochondrial fragmentation and dys
functions were occurred in the livers of HFD-fed mice and 
ET1-treated L02 cells, which was effectively attenuated by 
ETAR knockdown. In recent years, mitochondrial fragmen
tation, which is mainly caused by excessive mitochondrial 
fission and/or inefficient mitochondrial fusion, has been con
sidered as a hallmark of mitochondrial dysfunction, invol
ving in the pathogenesis of metabolic diseases.16,17 Thus, 
our findings indicated that inhibiting mitochondrial fragmen
tation-mediated dysfunctions played an important role in the 
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beneficial effects of hepatic ETAR knockdown on metabolic 
disorders. The deficiency of mitochondrial fusion proteins in 
the liver, such as Mfn1, Mfn2, and optic atrophy 1 (OPA1), 
causing mitochondrial fragmentation, has been shown to 
promote glucose intolerance, hepatic gluconeogenesis and 
insulin resistance.43,44 Whereas mitochondrial fission pro
teins including DRP1, fission protein 1 (Fis1) and mitochon
drial fission factor (Mff), which are elevated during diabetes, 
facilitate mitochondrial fragmentation to provokes mtROS 
production and insulin resistance.16,45 These studies high
light that the disruption of mitochondrial dynamics is crucial 
for mitochondrial fragmentation and dysfunction, 

contributing to metabolism abnormalities. In this study, the 
diminished protein expression of Mfn1 and augmented pro
tein expression of Drp1 were effectively restored by ETAR 
knockdown in the livers of HFD-fed mice and ET1-treated 
L02 cells. These findings suggested that hepatic ETAR 
knockdown abated mitochondrial fragmentation partly by 
renewing mitochondrial dynamics. Then, we found that 
enhanced p66Shc activation was largely blunted by ETAR 
knockdown in the livers of HFD-fed mice and ET1-treated 
L02 cells. p66Shc has been implicated in damaging many 
aspects of mitochondrial function, such as ROS production, 
mitochondrial permeability transition, Ca2+ response, pro- 

Figure 9 ETAR knockdown lessens mitochondria-derived oxidative stress and related injuries in ET1-treated L02 cells. L02 cells were co-infected with Ad-shETAR and Ad- 
p66Shc followed by the treatment of 50nm ET1. (A) and (B) Analysis of mitochondrial ROS production by MitoSox staining in L02 cells. (C) MnSOD activity in L02 cells. (D) 
Inflammation-related genes expression in L02 cells. (E) CPT1 activity in L02 cells. (F) β-OHB concentration of culture medium in L02 cells. (G) TG content in L02 cells. All 
of the values are expressed as the mean ± SD. ***P < 0.001 versus the control cells; ###P < 0.001 versus the ET1-treated cells; &&<0.01, &&&<0.001 versus the cells treated 
with ET1 and shETAR.
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apoptotic programme and bioenergetics.20,21,46 Recently, 
p66Shc has been demonstrated to be involved in driving the 
disruption of mitochondrial dynamics by augmenting Fis1 
expression and directly interacts with it and lowering Mfn1 
and Mfn2 expression, leading to mitochondrial 
fragmentation.20,21 Another pathway by which p66Shc dis
turbs mitochondrial dynamics is that p66Shc elevates mtROS 
production, which can exacerbate the disruption of mito
chondrial dynamics.20,21,46 Furthermore, our results showed 
that p66Shc overexpression dramatically abrogated ETAR 
knockdown-recovered mitochondrial dynamics and func
tions, while p66Shc knockdown mimics the ameliorative 
effects of ETAR knockdown on mitochondrial dynamics 
and functions in ET1-treated L02 cells. Collectively, these 
findings indicated an important role of p66Shc inactivation in 
hepatic ETAR knockdown-mediated improvements of mito
chondrial dynamics and functions.

PKCδ is a crucial target of ET1/ETR signaling mediating 
various physiopathological processes, such as glucose trans
port and glycolytic switch.34,47,48 Substantial evidence 
reveals that PKCδ, whose affinity for diacylglycerol (DAG) 
is twofold greater than conventional PKC isoforms’, has 
been well demonstrated to drive insulin resistance, gluconeo
genesis, steatosis in the livers of diabetic animals.49,50 

Especially, elevated expression of hepatic PKCδ, but not 
other novel PKCs including PKC ε, η, and θ, is positively 
related to metabolic abnormalities including hyperglycemia 
and hyperlipemia in obese diabetic patients.51 Thus, PKCδ is 
considered as a crucial target of ET1/ETR signaling for the 
pathology of metabolic diseases. In the present study, ETAR 
knockdown repressed HFD-induced PKCδ activation in 
mouse livers, suggesting a potential role of PKCδ inactiva
tion in ETAR knockdown-mediated actions. Furthermore, 
ETAR knockdown largely restrained the interaction of 
PKCδ and p66Shc in HFD-fed mouse livers. Accumulating 
evidence indicates that PKCδ promotes the phosphorylation 
and mitochondrial translocation of p66Shc, leading to mito
chondrial dysfunction.34,35 Our in vitro data also confirmed 
that PKCδ knockdown effectively abolished ET1-induced 
PKCδ and p66Shc activation and their interaction in L02 
cells, which is similar to the action of ETAR knockdown. 
Thus, our findings indicated that inhibiting PKCδ was 
responsible for hepatic ETAR knockdown-mediated 
p66Shc inactivation in the livers of HFD-fed mice.

Oxidative stress, a primary consequence resulting 
from mitochondrial dysfunction, is a key contributor to 
the pathogenesis of metabolic diseases.38 During mito
chondrial dysfunction, superfluous mtROS is generated 

from: 1) dysregulated electron transport chain (ETC), 
such as uncoupling of complexes I and III; 2) dysfunc
tional mitochondria-localized redox proteins (enzymes), 
such as p66shc, NADPH oxidase 4 (NOX4) and mono
amine oxidase (MAO); 3) compromised mitochondrial 
antioxidant systems, such as SOD2 and peroxiredoxin/ 
thioredoxin (Prx/Trx).38 In this study, our results showed 
that ETAR knockdown restored ΔΨm level and ATP 
production in HFD-fed mouse livers and ET-1treated 
L02 cells, indicating an improvement of ETC disorders. 
Moreover, the enhanced p66Shc activation was largely 
abated by ETAR knockdown in vivo and in vitro, indicat
ing an improvement of dysregulated mitochondrial redox 
proteins. In addition, ETAR knockdown markedly recov
ered the activity of mitochondrial antioxidant enzyme 
SOD2. Thus, our findings indicated that hepatic ETAR 
knockdown attenuated mitochondria-derived oxidative 
stress through recovering above mentioned three path
ways in the livers of HFD-fed mice. Oxidative stress 
can stimulate inflammatory response by irritating stress- 
activated kinases [eg c-Jun amino-terminal kinase (JNK)] 
and activating inflammatory transcription factors [eg 
nuclear factor-κB (NF-κB).52 Conversely, inflammatory 
cytokines and chemokines also trigger oxidative stress.52 

In the present study, inflammatory response was notably 
alleviated by ETAR knockdown in HFD-fed mouse livers 
and ET1-treated L02 cells. It has been well established 
that chronic low-grade inflammation plays a pivotal role 
in the development and progression of metabolic 
diseases.53 Thus, hepatic ETAR knockdown may amelio
rate metabolic disorders via restraining oxidative stress- 
inflammatory signaling. Compromised FFA oxidation 
commonly coexists with oxidative stress in livers under 
metabolic diseases, such as non-alcoholic fatty liver dis
ease (NAFLD) and diabetes.54 It has been proposed that 
fatty acid β-oxidation is responsible for enhancing redox 
homeostasis by sustaining the tricarboxylic acid (TCA) 
cycle to increase the regeneration of NAPDH.55 

Conversely, some downstream factors of oxidative stress 
including poly (ADP-ribose) polymerase 1 (PARP1) and 
p53 are documented to restrain fatty acid β- 
oxidation.56,57 In this study, the compromised fatty acid 
oxidation was markedly recovered by ETAR knockdown 
in HFD-fed mouse livers and ET1-treated L02 cells. 
Inhibition of FFA oxidation, which leads to the accumu
lation of lipid intermediates including DAG, long-chain 
fatty acyl-CoA and ceramide, has been linked to insulin 
resistance.58 Thus, our results suggested that restoring 
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fatty acid oxidation participated in ETAR knockdown- 
mediated actions. In addition, our in vitro results showed 
that p66Shc overexpression abrogated the ameliorative 
effects of ETAR knockdown on oxidative stress, inflam
mation and fatty acid β-oxidation disorders in cells trea
ted with ET1. Taken together, our findings indicated that 
hepatic ETAR knockdown improved metabolism 
abnormalities including insulin resistance and hypergly
cemia via suppressing mitochondrial dysfunction- 
mediated oxidative stress and related disorders including 
inflammation and compromised fatty acid β-oxidation.

Conclusion
In conclusion, this study defined an ameliorative role of 
hepatic ETAR knockdown in HFD-induced metabolism 
abnormalities by mitigating p66Shc-mediated mitochon
drial fragmentation and consequent oxidative stress and 
related disorders including inflammation and compromised 
fatty acid β-oxidation (Figure 10) and indicated hepatic 
ET1/ETAR signaling as a promising therapeutic target for 
metabolic diseases.
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