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Introduction: This study aimed to investigate the role of f3, adrenergic receptor (f,AR) in
insulin signaling transduction in H9C2 cardiomyoblast cells to understand the formation of
the B,AR-insulin receptor (IR) protein complex and its role in insulin-induced Glut4
expression.

Methods: HIC2 cells were treated with various protein inhibitors (CGP, ;AR inhibitor
CGP20712; ICI, B,AR inhibitor ICI 118,551; PKI, PKA inhibitor myristoylated PKI; PD
0325901, MEK inhibitor; SP600125, JNK inhibitor) with or without insulin or isoproterenol
(ISO) before RNA-sequencing (RNA-Seq) and quantitative-PCR (Q-PCR). Yeast two-
hybrid, co-immunoprecipitation and His-tag pull-down assay were carried out to investigate
the formation of the B,AR-IR protein complex. The intracellular concentrations of cAMP in
HO9C2 cells were tested by high performance liquid chromatography (HPLC) and the
phosphorylation of JNK was tested by Western blot.

Results: Gene Ontology (GO) analysis revealed that the most significantly enriched pro-
cesses in the domain of molecular function (MF) were catalytic activity and binding, whereas
in the domain of biological processes (BP) were metabolic process and cellular process.
Furthermore, the enriched processes in the domain of cellular components (CC) were cell
and cell parts. The Kyoto encyclopedia of genes and genomes (KEGG) pathway analysis
showed that the most significant pathways that have been altered included the PI3K-Akt and
MAPK signaling pathways. Q-PCR, which was performed to verify the gene expression
levels exhibited consistent results. In evaluating the signaling pathways, the sustained
stimulation of B,AR by ISO inhibited insulin signalling, and the effect was primarily through
the cAMP-PKA-JNK pathway and MEK/INK signaling pathway. Yeast two-hybrid, co-
immunoprecipitation and His-tag pull-down assay revealed that $,AR, IR, insulin receptor
substrate 1 (IRS1), Grb2-associated binding protein 1 (GAB1) and Grb2 existed in the same
protein complex.

Conclusion: The sustained stimulation of ;AR might inhibit insulin signaling transduction
through the cAMP-PKA-JNK and MEK/JNK pathways in HIC2 cells.

Keywords: RNA sequencing, beta adrenergic receptor, insulin receptor, protein interaction,

insulin resistance

Introduction

Type 2 diabetes (T2D), also known as Non-Insulin-Dependent Diabetes Mellitus is
characterized by insulin resistance and progressive beta cell deterioration' which
can lead to tissue damage and serious secondary complications such as cardiovas-
cular disease, nephropathy, stroke, peripheral neuropathy and retinopathy.> Over
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the decades, insulin resistance has been proven to be
a primary contributor to the pathogenesis of T2D; thus,
studies on the mechanism of insulin action and resistance
play an important role in diabetes research.

The phosphatidylinositide 3-kinase (PI3K)/AKT (also
known as protein kinase B) signaling pathway plays
a critical role in linking the activation of IR to glucose
metabolism.** Activation of IR by insulin or insulin-like
growth factor 1 (IGF1) leads to auto-phosphorylation of its
beta subunits which subsequently phosphorylates insulin
receptor substrates (IRS) at tyrosine residues.® The binding
of the PI3K regulatory subunit to the phosphorylated IRS
triggers the activation of its catalytic subunit, which cata-
bolizes the formation of the second messenger phosphati-
dylinositol (3,4,5)-triphosphate (PIP3).”® Akt is then
recruited to the plasma membrane, the activation of
which promotes glucose uptake, glucose metabolism, ske-
letal muscle growth and insulin-mediated cardiac
myotrophy.” The ERK/MAPK pathway is activated by
the binding of adapter protein Grb2 to the phosphorylated
IRS or SHC, which is involved in the regulation of the
expression of genes related to glucose metabolism and
control of mitogenesis and differentiation.'® IR exhibits
spatial preference in triggering its downstream signaling
pathways; when IR is internalized, it activates ERK/
MAPK whilst initiating PI3K/AKT on the plasma
membrane. '

Insulin stimulation of glucose transport in adipose cells
and skeletal and cardiac muscles is essential for the main-
tenance of glucose homeostasis, which is mediated by the
translocation of insulin sensitive glucose transporter (pre-
dominantly Glut4) from the intracellular storage to the
plasma membrane to increase glucose uptake.'*'* The
reduction of Glut4 expression in the muscle or adipose
tissue results in insulin resistance and increases the risk of
diabetes."’

The regulation of glucose metabolism is coordinated
by IR and B,AR, which represents receptor tyrosine kinase
(RTK) and G protein-coupled receptor (GPCR) signaling
pathways that interact under certain pathophysiological
circumstances.'®'” The protein complex consisting of IR
and B,AR has been characterized in the heart and the
interaction between these two proteins has been demon-
strated by bioluminescence resonance energy transfer
(BRET) experiment.'®'® Long-term overstimulation of
BAR induces a state of insulin resistance leading to heart
failure.'>* In addition, the inhibition of insulin-induced
glucose uptake by overstimulation of PAR has been

observed in various tissues such as brown adipose
tissue,”! and cardiomyocytes.”? According to previous
publications, phosphorylation of f,AR under insulin sti-
mulation creates a potent feedback by inhibiting insulin-
stimulated phosphorylation of IRS, and this effect relies on
the Try364 site of B,AR, because the mutation of which
abolishes its inhibitory effects.”> Another research found
that up-regulation of G protein-coupled receptor kinase 2
(GRK2) by chronic adrenergic stimulation in cardiomyo-
cytes negatively affected cardiac metabolism through
phosphorylation and interaction with IRS1, which resulted
in the inhibition of glucose uptake and impaired insulin
signaling.**

Next-Generation RNA Sequencing (RNA-Seq) has
several advantages, such as low background signal, high
technical reproducibility, no requirement of existing geno-
mic sequence and large dynamic range; one important
application of which lies in drug research.”> The study
on differentially expressed genes and pathways under cer-
tain condition reveals potential drug targets. In comparison
with microarray, RNA-Seq has several advantages includ-
ing detection of novel transcripts, identification of genetic
variants, differentiating biologically critical isoforms, and
quantifying both very low and very high abundance
2627 RNA-Seq has

dynamic range, allowing detection of more differentially

transcripts. Moreover, a broader
expressed genes with high fold-change and providing
a good option in the estimation of absolute transcript
levels.”®

This study profiled the transcriptome under various
treatments by RNA-seq and generated a list of differen-
tially expressed genes (DEGs). These DEGs were further
analyzed by GO and KEGG pathway analysis to reveal
molecular mechanisms underlying the cross-talk between
B>AR and IR. Biochemical and cellular biological experi-
ments were conducted following the bioinformatics study.

Materials and Methods

Cell Culture and Treatment

H9C2 cells, which are derived from cardiomyocytes
(obtained from the Cell Bank of the Chinese Academy of
Sciences) and widely adopted in studies on insulin transduc-

2930 were cultured in Dulbecco’s modified

tion signaling,
Eagle’s medium containing 10% fetal bovine serum,
25 ng/mL nerve growth factor, and 1 mM glutamine. Cells
that reached 90-95% confluence cultured in 6-well plates

were serum starved for 2 h before pretreatment with various
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inhibitors for 30 mins as indicated (CGP, ;AR inhibitor
CGP20712; ICI, B,AR inhibitor ICI 118,551; PKI, PKA
inhibitor myristoylated PKI; PD 0325901, MEK inhibitor;
SP600125, JNK inhibitor). Finally, cells were stimulated
with 10 uM ISO for 4 h and 200 nM Insulin for 30 mins.

Library Construction and Sequencing

Total RNAs were extracted separately from the above-
mentioned treatments using total RNA extraction reagent
(Sangon Biotech, China) following the protocols described
by the manufacturer. A total of 3 pug of RNA per sample
was used for library preparation with insert sizes of 350 bp
and sequenced on Illumina Novaseq 6000, which gener-
ated 6 G raw data for each sample. Sequences generated
were initially processed by FastQC (http://www.bioinfor

matics.babraham.ac.uk/projects/fastqc) including sequen-

cing fault rate distribution check, GC content distribution
check and sequencing data filtering (removal of original
sequence with adaptors and low quality). Clean data
obtained after quality control with filtering were mapped
to the reference genome (Rattus norvegicus, Assembly
Rnor 6.0) using HISAT2.*' The gene expression levels
were calculated by FKPM (fragments per kilo bases
per million reads) and analyzed by HTSeq software
(https://github.com/htseq/htseq). DEGs amongst various

treatment groups were identified using a cut-off of false
discovery rate (FDR)-adjusted p value less than 0.05 using
DESeq2. GO enrichment analysis and KEGG pathway
enrichment analysis of the DEGs were performed by
clusterProfiler.*

cDNA Synthesis and Q-PCR

cDNA was synthesized by reverse transcription PCR
using the PrimeScript™ RT reagent Kit with gDNA
Eraser (Takara, China). Q-PCR was carried out on a
three-step real-time PCR system (ABI 7500, America)
using TB Green® Fast qPCR Mix (Takara, China).
Each sample was amplified in three repeats and the
relative gene expression data were calculated using
the 2 AACt

1). All statistical analyses were performed using IBM

method (qPCR primers are listed in Table

SPSS software, and p<0.05 was considered statistically
significant.

Table | Q-PCR Primers

Gene Primer Sequence (5’ -> 3') Product
Length (bp)

Glut4 Q F GGCTCTGAAGATGGGGAACC | 153

Glut4 Q R ATCACTTTCTGTGGGGCGTT

IRQF CAGTTTGTGGAACGGTGCTG | 142

IRQR TGGTAGGGTCATCGGGTTCT

IRS-1 Q F CCTGACATTGGAGGTGGGTC | 152

IRS-1 QR TTACCACCACCGCTCTCAAC

GABI Q F ACTGCAATGACAACGTCCCT | 128

GABI QR GCCAGAGACCGATGTAACCC

beta2 Q F GTTATCGTCCTGGCCATCGT 117

beta2 Q R TAGATCAGCACACGCCAAGG

actin Q F CCCTGTATGCCTCTGGTCGT | 94

actin Q R GGGAGCGCGTAACCCTCA

Co-Immunoprecipitation and His

Pull-Down

HIC2 cells that reached 90-95% confluence and cultured
in T75 flasks were homogenized in lysis buffer. The
lysates were clarified by centrifugation and the cleared
supernatant was incubated with primary antibodies
against IRS1, IR, GAB1 and/or a control IgG. The mix-
ture was rotated at 4°C for 3 h before precipitation with
protein A Sepharose beads (GE, America). The bound
proteins were resolved for Western blotting. The cleared
supernatants were immobilized on Ni-NTA agarose beads
(Qiagen, Germany) and rotated at 4°C for 3 h before
washed with washing buffer. The bound proteins were
collected by eluent for Western Blotting. Proteins were
resolved by SDS-PAGE and transferred to nitrocellulose
membranes (Millipore) and blocked in blocking buffer
for 2 hours before incubation with primary antibodies
against B,AR (Santa Cruz Biotechnology, Inc.), IRSI
(Santa Cruz Biotechnology, Inc.), GAB1 (Santa Cruz
Biotechnology, Inc.), IR (Abcam), B-actin (Santa Cruz
Biotechnology, Inc.), phospho-JNK (phospho-Thr183
/Tyr185, Cell Signaling Technology, Inc.) at 4°C over-
night. Then the membranes were washed with TBST for
three times before incubation with secondary antibodies
for detection with the Typhoon FLA 9500 system (GE
Healthcare).
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Intracellular Cyclic Adenosine
Monophosphate (cAMP) Assay by HPLC

HPLC was used to test the intracellular concentration of
cAMP. An Inertsil® C18 chromatographic column (4.6 x
150 mm, @ 5 um) was used and the mobile phase consisted
of 82% organic phase (methanol) and 18% inorganic aqueous
phase (water). The flow rate was set at 1.0 mL/min and the
wavelength was 254 nm. The determination of cAMP content
in the sample was made using standard samples and standard
curves.

Yeast Two-Hybrid

Saccharomyces cerevisiae yeast strain Y2H Gold, the yeast
two-hybrid plasmids, pPGADT7-T and pGBKT7, and all media
and protocols for the assay were prepared according to man-
(Clontech,  America). Co-
transformants expressing putative interacting proteins and

ufacturer’s  instructions

Table 2 Clean Data Output Statistics

negative and positive controls were selected by deficient plat-
ing. The identification of interactions was further analyzed on
the SD/-Leu/-Trp/-His/-Ade agar medium containing the chro-
mogenic substrate 5-bromo-4-chloro-3-indolyl-B-D-galacto
pyranoside (X-0-Gal) and Aureobasidin A (AbA).

Results
Differentially Expressed Genes Amongst

Various Treatment Groups

We collected 10 samples under various treatments as
indicated which were used for deep RNA-seq and anno-
tation (Table 2). In H9C2 cell line pretreated with ICI,
a total of 4243 DEGs were significantly and differentially
expressed (2067 upregulated and 2176 downregulated
genes) at FDR less than 0.05 (Figure 1A) compared
with ISO plus insulin treatment. Functional annotation
was performed using GO enrichment analysis to study

Sample Read Length Raw Bases(bp) Clean Bases(bp) Clean Reads Q30 Rate
CK_I 150 7,199,727,316 6,864,863,658 45,899,152 0.95
CK_2 150 6,043,044,964 5,708,181,306 38,132,458 0.95
CK_3 150 9,206,129,388 8,871,265,730 59,278,786 0.95
Insulin_| 150 7,457,424,702 7,122,561,044 47,595,626 0.94
Insulin_2 150 8,683,422,024 8,348,558,366 55,785,540 0.95
Insulin_3 150 8,363,951,979 8,029,088,321 53,639,160 0.95
ISO_I 150 6,408,876,536 6,074,012,878 40,565,788 0.95
ISO_2 150 7,086,771,960 6,751,908,302 45,099,382 0.94
ISO_3 150 8,354,335,059 8,019,471,401 53,558,608 0.95
Insulin+ISO_| 150 7,535,358,629 7,200,494,971 48,091,826 0.95
Insulin+ISO_2 150 12,567,661,932 12,232,798,274 81,719,258 0.95
Insulin+ISO_3 150 6,562,493,037 6,227,629,379 41,612,966 0.95
ICL_I 150 6,615,125,702 6,280,262,044 41,948,580 0.95
ICI_2 150 9,392,084,768 9,057,221,110 60,511,098 0.95
ICI_3 150 6,173,622,019 5,838,758,361 39,003,284 0.94
CGP_lI 150 7,136,448,856 6,801,585,198 45,446,122 0.95
CGP_2 150 7,297,569,818 6,962,706,160 46,504,946 0.95
CGP_3 150 7,417,654,215 7,082,790,557 47,305,046 0.95
ICI+CGP_I 150 7,317,338,485 6,982,474,827 46,668,644 0.95
ICI+CGP_2 150 7,555,525,506 7,220,661,848 48,244,436 0.95
ICI+CGP_3 150 6,846,916,544 6,512,052,886 43,497,134 0.95
PKI_I 150 8,039,946,171 7,705,082,513 51,456,602 0.95
PKI_2 150 7,154,891,368 6,820,027,710 45,548,818 0.95
PKI_3 150 6,285,484,818 5,950,621,160 39,743,578 0.94
SP600125_1 150 6,352,249,360 6,017,385,702 40,257,568 0.95
SP600125_2 150 7,130,142,177 6,795,278,519 45,388,360 0.95
SP600125_3 150 7,732,706,736 7,397,843,078 49,403,310 0.95
PD 0325901 _1 150 7,595,536,099 7,260,672,441 48,493,118 0.95
PD 0325901_2 150 8,072,493,676 7,737,630,018 51,693,346 0.95
PD 0325901_3 150 8,060,968,803 7,726,105,145 51,618,730 0.95
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the biological roles of significant DEGs in the study
(Figure 2A). The most significantly enriched processes
in the study were catalytic activity and binding in the
molecular function, metabolic process and cellular pro-
cess in the biological processes, cell and cell part in the
cellular components. KEGG pathway analysis was con-
ducted to identify the most significant pathways that have
been altered in the study (Figure 1B). The top 10 path-
ways that were significantly enriched included insulin
signaling pathway (49 DEGs), FoxO signaling pathway
(56 DEGs), PI3K—Akt signaling pathway (98 DEGs) and
MAPK signaling pathway (108 DEGs).
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In H9C2 cell line pretreated with PD, a total of 4461
DEGs were significantly and differentially expressed (2600
upregulated and 1861 downregulated genes) at FDR less
than 0.05 compared with ISO plus insulin treatment
(Figure 1C). GO enrichment analysis showed that the sig-
nificantly enriched processes were catalytic activity and
binding in the molecular function, metabolic process and
cellular process in the biological processes, cell and cell part
in the cellular components (Figure 2B). KEGG pathway
analysis identified the top 10 significantly enriched pathways
including the insulin signaling pathway (54 DEGs), FoxO
signaling pathway (52 DEGs), PI3K—Akt signaling pathway
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Figure | (A) Volcano plot of ICl versus Insulin+ISO DEGs; (B) KEGG enrichment plot of ICI versus Insulin+ISO DEGs; (C) Volcano plot of PD0325901 versus Insulin+ISO
DEGs; (D) KEGG enrichment plot of PD0325901 versus Insulin+ISO DEGs; (E) Volcano plot of PKI versus Insulin+ISO DEGs; (F) KEGG enrichment plot of PKI versus

Insulin+ISO DEGs.

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13

submit your manuscript

3891

Dove


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

Pei et al Dove
Statistics of GO Term Enrichment Statistics of GO Term Enrichment Statistics of GO Term Enrichment
o ] c
A signl ransducton °'B wansiosonl naton sl ransducon? °
ribosome biogenesis{ * translation initiation factor activity .
Rho guanyl-nucleotide exchange factor activity . signal transduction { [ ] Riho GTPase binding 1—-
regulation of signal transduction | 1RNA processing | ¢ protein serinefthreonine kinase activity .
regulation of Rho protein signal transduction { . RNA binding ° padj
| | .
myosincomple | s ribosome biogenesis| @ myosin complex ' 100
Ran GTP bindi .
‘motor activity . ‘on GTPase binding motor activity . 075
protein serinefthreonine kinase activity ° 050
magnesium on inding .
ot dephospherylton | . gycoicpocess] o 0z
intracellutar signal transduction | ° .
phosphatidylinositol binding: . 000
gycopicprocess| o cposkeeton ] .
phosphatase activity .
cytoskeleton{ . Count
nucleolus{ cell adhesion: L] ®
cytoplasm: L]
Hopk GTPase activity | ° ®
ctvomatinbinding | + e I cacom-dependent pospraigitindng | @ o
-
cell adhesi L] .
ion GTP binding ° actin flament binding . @ =
calcum-dependent posphalid inding | oty vansioton ot i 3 compion|
actin flament binding . cposteleton, ! actin cytoskeleton organization { .
actin cytoskeleton organization{ ~ ® cytoplasm: ° actincytoskeleton’ .
actin cytoskeleton{ & chromatin binding{ *
‘actin binding { ° actin binding . actin binding { °
o o o o b o o

002
GeneRatio

002 002
GeneRatio GeneRatio

Figure 2 (A) GO enrichment plot of ICI versus Insulin+ISO DEGs; (B) GO enrichment plot of PD0325901 versus Insulin+ISO DEGs; (C) GO enrichment plot of PKI

versus Insulin+ISO DEGs.

(115 DEGs) and MAPK signaling pathway (114 DEGs)
(Figure 1D).

In H9C2 cell line pretreated with PKI, a total of 3737
DEGs were observed (1881 upregulated and 1856 downregu-
lated genes) at FDR less than 0.05 (Figure 1E) compared to
treatment with ISO plus insulin treatment. GO enrichment
analysis showed that the significantly enriched processes
were catalytic activity and binding in the molecular function,
metabolic process and cellular process in the biological pro-
cesses, cell and cell part in the cellular components
(Figure 2C). KEGG pathway analysis identified the top 10
significantly enriched pathway including the insulin signaling
pathway (38 DEGs), FoxO signaling pathway (49 DEGs),
PI3K—Akt signaling pathway (91 DEGs) and MAPK signal-
ing pathway (83 DEGs) (Figure 1F). In addition, we analyzed

the DEGs in different groups and found that 1645 were co-
expressed in three groups, indicating the coordinated roles of
B,AR, PKA and MEK (Figure 3).

The expression level of glucose transporter 4 (Glut4) was
significantly upregulated under insulin treatment whereas the
addition of ISO inhibited insulin stimulation of Glut4.
Pretreatment of ICI and ICI+CGP could alleviate the inhibitory
effect of ISO, indicating ISO functions through the B,AR
receptor. Pretreatment with SP600125, myristoylated PKI
14-22 amide and PD 0325901 all alleviates the inhibitory
impact of ISO, of which myristoylated PKI 14-22 amide
showed the most evident effect indicating that ISO functions
through the PKA and MEK/ERK signaling pathway might
also be involved (Figure 4A). Q-PCR was performed to verify
the expression levels of key genes which showed consistent

PD0325901 vs Insulin+ISO

PKI vs Insulin+ISCO

ICl vs Insulin+ISO

Figure 3 Venn diagram shows the number of DEGs identified by RNA sequencing in ICl versus Insulin+ISO (orange), PD0325901 versus Insulin+ISO (gray) and PKI versus

Insulin+ISO (blue).
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Figure 4 (A) BAR and IR protein complex and schematic diagram of its role in insulin signalling pathway; (B) Gene expression levels of Glut4 under various treatment.
Vehicle, Control; Insulin, 200 nM insulin treatment for 30 mins; Insulin+ISO, pretreatment with 10 M ISO for 4 h before 200 nM insulin treatment for 30 mins; ICI, CGP, ICI
+CGP, PKI, PD 0325901, SP600125 pretreatment for 30 mins and then stimulated with 10 uM ISO for 4 h before 200 nM insulin treatment for 30 mins; B-actin was used as
an internal control and gene expression profiles were evaluated using the 22 method. Three biological replicates for each sample were performed and bars represented
the standard deviations. Different letters on top of the bars indicate statistically significant differences (ANOVA, Duncan post hoc test, p<0.05) between various treatments.
(C) Phosphorylation of JNK in H9C2 cells under various inhibitor treatment. Vehicle, Control; Insulin, 200 nM insulin treatment for 30 mins; Insulin+ISO, pretreatment with
10 uM ISO for 4 h before 200 nM insulin treatment for 30 mins; ICI, CGP, ICI+CGP, PKI, PD 0325901, SP600125 pretreatment for 30 mins and then stimulated with 10 uM
ISO for 4 h before 200 nM insulin treatment for 30 mins. Different letters on top of the bars indicate statistically significant differences (ANOVA, Duncan post hoc test,
p<0.05) between various treatments.

results with RNA-seq (Figure 4B and Supplementary
Figure 2).

Protein Interaction Tested by Yeast
Two-Hybrid

Self-activating analysis indicated that pGBKT7-$,AR and
pGBKT7-GABI vectors did not have self-activating activity
(Figure 5A). B,AR interacted with IRS1, however, the PH

domain or PTB domain of IRS1 alone did not

show interaction with B,AR (Figure 5B). B,AR showed
interaction with GABI, and various ,AR deletion revealed
that the f,AR 230-310 AA sequence had an essential role in
the interaction between B>,AR and GABI (Figure 5C).

Protein Interaction Tested by

Co-Immunoprecipitation
Protein interaction was further confirmed using co-
immunoprecipitation. The eluted samples were resolved for
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Figure 5 Self-activation verification and protein interaction tested by Y2H. (A) Self-activation verification of pGBKT7-B,AR and pGBKT7-GABI; (B) Protein interaction
between B,AR and IRSI verified by Y2H; (C) Protein interaction between ,AR and GABI verified by Y2H.

Western Blotting which showed that B,AR was detected in
the eluted samples using primary antibodies against IRS1,
IR and GABI for co-immunoprecipitation but not in the
eluted sample using control IgG indicating that f,AR inter-
acted with IRS1, IR and GABI, respectively (Figure 6A).

Protein Interaction Tested by His

Pull-Down

HO9C2 cells expressing His-GABI1, His-IR and His-f,AR
were used for His pull-down assay. The eluted samples
were collected and resolved by Western blotting. f,AR was
detected in the eluate of His-GABI1, His—IR and His-f,AR
pulldown whereas Grb2 was detected in the eluate of His-
GABI and His—IR pulldown (Figure 6B), indicating that 3,
AR, IR, GABI and Grb2 could form a protein complex.

Analysis of cAMP Concentration by

HPLC

Chromatographic grade cAMP (Sigma-Aldrich) was gradi-
ent diluted in 0.1 M HCI and the peak area Y corresponding
to each standard working solution and its mass concentration
X were subjected to linear regression analysis. The

regression equation was Y=21619X+21886, R=0.9997,
showing a good linear relationship in the range of 0.39-100
pg/mL (Supplementary Figure 1A). Treatment with ISO

increased the intracellular level of cAMP and treatment
with insulin decreased the intracellular level of cAMP.
Pretreatment with ISO before the treatment with insulin
reversed the effects on cAMP. Pretreatment with CGP, f3;
AR inhibitor CGP20712 and ICI, B,AR inhibitor ICI
118,551 all blocked the effects of ISO stimulation on the
intracellular levels of cAMP (Supplementary Figure 1B).

Impacts of Various Treatments on the
Phosphorylation Levels of JNK

ISO-treated cells could increase pJNK level by activating
the MAPK/ERK signaling pathway (results are shown in
Figure 4C). Pretreatment with CGP and ICI could reduce
ISO-stimulated pJNK enhancement, indicating that
G protein-coupling (BAR) activation of the MAPK/ERK
signaling pathway increased JNK phosphorylation.
Furthermore, pretreatment with SP600125, myristoylated
PKI 14-22 amide and PD 0325901 all blocked the ISO
stimulation of the JNK phosphorylation level (Figure 4C).
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Figure 6 (A) CO-IP results. Cell lysate were subjected to immunoprecipitation with
the antibody against IRSI, IR, GABI or a control IgG. Bound proteins were detected by
Western blotting; (B) His pull-down assay results detected by Western Blotting.

Increased JNK phosphorylation could negatively regulate
insulin signaling pathway transmission, indicating that ISO
inhibited the insulin signaling pathway through the MEK/
JNK and PKA signaling pathway.

Discussion
Type II diabetes accounts for 85-90% of the number of
diabetic patients and is characterized by reduced insulin
sensitivity and insulin resistance. Glucose metabolism is
coordinately regulated by IR and ,AR and protein inter-
actions, representing a fine control of the cross-talk
between the GPCR and RTK signaling pathways. In this
study, a protein complex including IR, IRS1, B,AR, GABI1
and Grb2 has been revealed by several experiments includ-
ing yeast two-hybrid, co-immunoprecipitation and His-tag
pull-down assay. In consistent with the result, a protein
complex consisting of IR and B,AR in the mouse heart'®
has been described and the interaction between IR and (3,
AR has been demonstrated by BRET assay.>

Studies have shown that BAR inhibits insulin-stimulated
glucose uptake and insulin-induced IRS1 tyrosine self-phos-
phorylation under long-term stimulation, and promotes
threonine/serine phosphorylation of IRS1, thereby hindering
the insulin signaling pathway.”*** However, experiments in
heart tissue have shown that continuous stimulation of ;AR
inhibits insulin-stimulated glucose uptake functions through
the cAMP and PKA signaling pathways.'® The results of this
experiment indicate that continuous stimulation of ISO for 4
h inhibits insulin-induced Glut4 gene expression. The detec-
tion of endogenous cAMP by HPLC after various inhibitor
treatments showed that ISO activates the cAMP-PKA signal-
ing pathway and pretreatment with PKA specific inhibitor

PKI can effectively alleviate the inhibition of insulin signal-
ing by ISO, indicating that the negative regulation of ISO on
insulin signaling pathway is mediated by the cAMP-PKA
signaling pathway, which is consistent with previous publi-
cations. The MAPK/ERK signaling pathway is also
involved. The possible underlying mechanism is shown in
Figure 4A. Under the action of ISO, B,AR undergoes
a conformational change, which activates AC, thereby
increasing cAMP synthesis. Increased cAMP synthesis can
activate the MAPK signaling pathways. The specific
mechanism may involve membrane translocation of PDK1
and prevent the binding of PDK1 and AKT or reduce the
activity of PI3K.** Moreover, activated PKA can cause ser-
ine phosphorylation of Rap1 protein, leading to the increase
in the activity of certain phosphatase enzymes, which
increases the tendency of AKT dephosphorylation, resulting
in the blockage of the insulin signaling pathway.*®>’

Previous publications have demonstrated that JNK
plays an important role in the metabolism and develop-
ment of progressive beta cell deterioration and insulin
resistance caused by obesity. Activated JNK can phosphor-
ylate IRS1 serine residues and affect their tyrosine phos-
phorylation levels, thereby inhibiting the IRS1-PI3K
pathway.***! This study showed that ISO stimulated
JNK phosphorylation whereas the treatments with various
inhibitors demonstrated that with the pretreatment with
CGP20712 and ICI118551, the stimulation of phosphory-
lation was significantly reduced. In addition, pretreatment
with PKI, PD0325901, and SP600125 can significantly
reduce the effect of ISO stimulation on JNK phosphoryla-
tion, indicating that ISO stimulates JNK phosphorylation
through the MEK and PKA signaling pathways. The
mechanism may be due to the increased phosphorylation
of IRS1 serine residues caused by JNK, thereby reducing
its tyrosine phosphorylation to inhibit the IRS1-PI3K
pathway.

Various adaptor proteins play key roles in regulating
diverse signaling pathways. Grb2, one of the adaptor pro-
teins widely expressed, plays critical roles in cellular signal
transduction by connecting activated receptors on the cell
membrane to the downstream effectors. Previously, Grb2
was believed to be an active regulator of RTK signaling;
however, a negative role of Grb2 through its interaction
with fibroblast growth factor (FGF) receptor to relay the
basal signaling from the activated receptors to different
proteins has been reported.**** Upon insulin stimulation,
Grb2 forms a protein with

complex tyrosine-
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phosphorylated IRS1 and SH2 domain-containing onco-
genic protein She, and these multiple protein interactions
may play a crucial role in controlling the downstream
effector molecules.***> Moreover, the members of the
Grb7 family of adapters (Grb10 and Grb14) function as
negative modulators of insulin signaling by binding with
activated IR.***® Overexpression of Grbl10 or Grbl4 in
cultured cell line inhibited phosphorylation of IRS1,%%°
whereas the knockout of Grb14 improves insulin signaling
in the liver and skeletal muscle with no significant changes
in cardiac function,”’ supporting Grb14 inhibition as an
effective therapeutic target. Various Grb2 inhibitors have
been proven effective in treating human cancer by targeting
Grb2 signaling either through blocking its connection with
cell surface kinases or compromising its interlink to down-
stream pathways.*>>* Collectively, selective inhibitors of
these proteins may serve as potential therapeutic candidates
in treating diabetes and related pathological conditions.
RNA-Seq, superior to microarray with regard to
detecting novel transcripts, identifying genetic variants
and differentiating biologically critical isoforms, has
been applied in pathophysiological studies of various
diseases, such as T2D.® % A recent publication on
RNA-Seq analysis in peripheral blood mononuclear
cells of T2D patients and healthy controls identified
420 molecular signatures associated with T2D-related
comorbidities and symptoms. These signatures were pri-
marily enriched in pathogenic cell type-specific regula-
tory elements in relation to inflammatory and immunity,
fetal development and expression quantitative trait
loci.’® However, single-cell RNA sequencing (scRNA-
Seq), a powerful tool to measure RNA expression char-
acteristics at the single cell level, proceeds traditional
RNA-Seq with regard to accuracy and efficiency. The
application of scRNA-Seq in islets has identified mar-
kers and pathways in association with B-cell dedifferen-
that

dedifferentiated B-cells for diabetes remission may be

tiation and dysfunction, indicating targeting
a promising therapeutic strategy.®”

In this study, the experimental results applied so far
were limited to H9C2 cells, whereas in other cell lines or
tissues, similar results are expected to be further verified.
The detailed role of IR-B,AR protein complex can be
analyzed through gene knockout studies and the effects
of the activation of related molecules may be investigated
to further understand the effect of sustained stimulation of

B>AR on insulin resistance.

Conclusion

This study combined yeast two-hybrid, co-immunoprecipi-
tation, and His pull-down experiments to show that B,AR,
Grb2, GABI, IRS1, and IR could form protein complexes.
RNA sequencing and Q-PCR verification showed that insu-
lin stimulated the up-regulation of Glut4 gene expression
whereas the pretreatment of ISO could inhibit the insulin-
of Glut4 gene
Pretreatment with various protein inhibitors showed that

induced up-regulation expression.
ISO inhibited insulin-induced up-regulation of Glut4 gene
expression through the B,AR and cAMP-PKA-JNK signal-
ing pathway. Moreover, the MAPK/ERK signaling pathway
was also involved.
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