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Dual-omics reveals temporal differences in acute sympathetic
stress-induced cardiac inflammation following o; and
B-adrenergic receptors activation

Di Zhang', Ming-ming Zhao?, Ji-min Wu?, Rui Wang?, Gang Xue®, Yan-bo Xue® Ji-qi Shao', You-yi Zhang? Er-dan Dong?,

Zhi-yuan Li'* and Han Xiao?

Sympathetic stress is prevalent in cardiovascular diseases. Sympathetic overactivation under strong acute stresses triggers acute
cardiovascular events including myocardial infarction (M), sudden cardiac death, and stress cardiomyopathy. a;-ARs and 3-ARs, two
dominant subtypes of adrenergic receptors in the heart, play a significant role in the physiological and pathologic regulation of
these processes. However, little is known about the functional similarities and differences between a;- and -ARs activated
temporal responses in stress-induced cardiac pathology. In this work, we systematically compared the cardiac temporal genome-
wide profiles of acute a;-AR and 3-AR activation in the mice model by integrating transcriptome and proteome. We found that a;-
and B-AR activations induced sustained and transient inflammatory gene expression, respectively. Particularly, the overactivation of
a;-AR but not B-AR led to neutrophil infiltration at one day, which was closely associated with the up-regulation of chemokines,
activation of NF-kB pathway, and sustained inflammatory response. Furthermore, there are more metabolic disorders under a;-AR
overactivation compared with B-AR overactivation. These findings provide a new therapeutic strategy that, besides using B-blocker
as soon as possible, blocking a;-AR within one day should also be considered in the treatment of acute stress-associated

cardiovascular diseases.
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INTRODUCTION

The sympathetic nervous system is activated to provoke the “fight
or flight” reaction under acute stress conditions [1]. Sympathetic
stress is prevalent in cardiovascular diseases. Under strong acute
emotional or physical stress (i.e., anger, anxiety, distress, natural
catastrophic disaster, car accident), overactivation of the sympa-
thetic system can trigger acute cardiovascular events, including
myocardial infarction (MI), sudden cardiac death, and stress
cardiomyopathy [2]. In this case, massive endogenous catecho-
lamines, norepinephrine, and epinephrine, were released to
induce the pathologic response via adrenergic receptors (ARs)
[3]. The dominant subtypes of ARs in the heart are a;-ARs and (-
ARs, both of which belong to the G protein-coupled receptor
superfamily. Although the causality has been well established
that acute stress can trigger cardiovascular events, little is known
about the details of how sympathetic stress induces cardiac
pathological changes over time [4]. Moreover, much less is known
about whether and how a;- and 3-ARs differentially mediate the
temporal responses.

Both receptor subtypes are essential for the physiological and
pathologic regulation of the heart. a;-ARs function in hypertrophy,
positive inotropy, and ischemic preconditioning [5]. B-ARs
constitute a major regulator of heart rate and contraction (positive
inotropic and chronotropic effects) [6], which also lead to cardiac
inflammation and fibrosis. Radioligand binding data in the heart
suggest B-ARs account for nearly 90% of the total ARs density, and
the other 10% AR are mainly a;-ARs [7]. Accordingly, cardiac 3-AR
interventions have been extensively investigated, and B-blockers
have been widely used to treat tachycardia, myocardial infarction,
and heart failure [8]. By contrast, cardiac a;-AR has been much less
well studied, and a;-AR blockers were primarily used to target
vasoconstriction for treating hypertension [9]. However, recent
studies suggested that both a;-ARs and B-ARs should be
considered dominant subtypes in the heart, as they are the only
two subtypes presented in all individual ventricular myocytes [10].
At rest, a low dose of epinephrine only activates (3-ARs. Under
stress, both a;-ARs and B-ARs can be activated [3, 11]. Therefore,
a;-ARs are likely to contribute to sympathetic stress-induced
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cardiac injuries in a manner distinct from that of B-ARs. Clarifying
the functional similarities and differences between a;- and 3-ARs
in stress-induced cardiac pathology is of great importance for the
understanding and treatment of stress-associated cardiac issues.

Inflammation is an important pathological process in many
sympathetic stress-associated cardiac diseases, such as arrhythmia
[12], myocardial infarction [13], and heart failure [14]. In stress
cardiomyopathy, stress-induced low-grade chronic inflammation
subsequently evolves into long-term heart failure [15]. Our
previous study demonstrated that acute sympathetic stress can
initiate cardiac inflammation and dysfunction by activating the
NLR family Pyrin domain containing 3 (NLRP3) inflammasome,
which subsequently cleaves and activates interleukin-18 [16]. Both
B-AR and a;-AR activation can lead to this type of stress-induced
cardiac inflammatory injury [16, 17]. At the genome scale,
however, the role of a;- and B-AR in acute sympathetic stress-
induced inflammation has yet to be elucidated. In particular, the
temporal responses in transcription and translation induced by
a;- and B-AR activation have not yet been explored in detail.

In this work, we systematically compared the genome-wide
effects of acute B-AR and a;-AR activation in the mice model by
integrating transcriptome and proteome. In the present study,
mice were treated with a single injection of selective 3-AR and a;-
AR agonists, which allows for observing temporal profiles in the
heart following treatment. Combining exploratory data analysis
with biochemical validation, we traced the differential responses
induced by a;-AR and B-AR in their upstream causes and
downstream consequences by dual-omics data integration. We
found that a;-AR activation mediated additional signaling and
effects than B-AR, which provides novel therapeutic strategies for
sympathetic stress-induced cardiac injury.

MATERIALS AND METHODS

Animals

All animal experiments were approved by Peking University
Institutional ~Review Board Animal Welfare Committee
(LA2021013) and conformed to the guidelines for animal
experiments of Peking University Health Science Center. The
12-week-old male C57BL/6N mice were bought from Vital River
Laboratory Animal Technology Company (Beijing, China) and
housed in a specific pathogen-free environment in the Animal
Department of Peking University Health Science Center. Mice were
randomly allocated into different groups and subcutaneously
injected with a single dose of isoprenaline (ISO, 5mg/kg) or
phenylephrine (PE, 10 mg/kg). The dosage was chosen according
to our previous studies [16, 17]. In the experiments with NF-kB
inhibitor, mice were pretreated with Bay11-7082 (5mg/kg body
weight) intraperitoneally in a final volume of 100 pl of saline. Then
mice were subcutaneously injected with a single dose of
phenylephrine (PE, 10 mg/kg). After 1h, 1 day, or 3 days, mice
were euthanatized following anesthetization with an overdose of
pentobarbital. The heart tissue was collected for further determi-
nation. RNA-Seq and protein mass spectrometry were performed
using the heart tissue from the same heart.

Reagents and antibodies

ISO (Sigma-aldrich, St. Louis, MO, USA; Catalog 15627), PE (Sigma-
aldrich; Catalog PHR1017), NF-kB inhibitor Bay11-7082 (MedChem-
Express, China, Catalog HY-13453), dihydroethidium (DHE; Thermo
scientificc USA, Catalog D11347), CD68 antibody (Servicebio,
Wuhan, China; Catalog GB113109), Ly6G antibody (Servicebio,
Catalog GB11229), P65 antibody (Cell Signaling Technology, USA;
Catalog 4764), phosphorylated P65 antibody (Cell Signaling
Technology USA; Catalog 3033), pyruvate dehydrogenase (PDH;
Cell Signaling Technology USA; Catalog 3205S), isocitrate dehy-
drogenase 2(IDH2; Cell Signaling Technology USA; Catalog
56439S) COX IV (Cell Signaling Technology USA; Catalog
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11967S), integrin a5 (ITGA5; Cell Signaling Technology USA;
Catalog 4705S), S100A9 (Cell Signaling Technology USA; Catalog
73425S), NDUFAS8 (Solarbio China; Catalog K107454P), heat shock
protein (31 (HSPB1; Solarbio China; Catalog K000488P),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Cell Signal-
ing Technology; Catalog 97166).

RNA extraction and library construction

A total amount of 1 ug RNA was used as input material for the RNA
sample preparations. mRNA was purified from total RNA by using
poly-T oligo-attached magnetic beads. Fragmentation was carried
out using divalent cations under elevated temperature in First
Strand Synthesis Reaction Buffer(5X). First-strand cDNA was
synthesized using random hexamer primer and M-MuLV Reverse
Transcriptase, then RNaseH was used to degrade the RNA. Second-
strand cDNA synthesis was subsequently performed using dNTP
with DNA Polymerase | system. After adenylation of 3’ ends of
DNA fragments, the adapter with hairpin loop structure was
ligated for hybridization. To select cDNA fragments of preferen-
tially 250-300 bp in length, the library fragments were purified
with the AMPure XP system (Beckman Coulter, Beverly, USA). After
PCR amplification, the PCR product was purified by AMPure XP
beads, and the library was finally obtained. To ensure the quality
of the library, the library was initially quantified by Qubit2.0
Fluorometer, then diluted to 1.5 ng/ul, and the insert size of the
library is detected by Agilent 2100 bioanalyzer. After insert size
meets the expectation, gRT-PCR is used to accurately quantify the
effective concentration of the library (the effective concentration
of the library is higher than that of 2 nM) to ensure the quality of
the library.

Deep sequencing and mapping

Deep sequencing was done by Illumina NovaSeq 6000 with
settings of pair-end and 150 bp-long read length. Data manipula-
tion included removing reads containing adapter, reads contain-
ing poly-N, and low-quality reads from raw data. Then the clean
reads were mapped to the mouse reference genome GRCm38.p6
from the National Center for Biotechnology Information (NCBI)
database using Hissat2 v2.0.5 [18].

Analysis of deep-sequencing data

Genes with zero counts in all samples were filtered out, leaving
24,188 genes under ISO treatment and 23,526 genes under PE
treatment. The mRNA levels were normalized to gene length and
total counts as transcripts per million (TPM). Then the principal
component analysis was performed with Matlab. Differential
expression analysis between conditions was performed using
the DESeq2 R package [19]. We screened for differentially
expressed genes with abs(log2(mRNA fold change)) >1 and
P value was adjusted < 0.05.

Next, functional enrichment analysis was carried out using
enrichGO in R package clusterProfiler [20]. In addition, genome-
wide annotation org.Mm.eg.db for mouse was used. KEGG
pathway enrichment analysis was carried out using enrichKEGG
in R package clusterProfiler [20]. The enrichment results were
filtered with an adjusted P value <0.05. The visualization of
pathway gene expression was performed using R package
Pathview. And pathway information was obtained from the KEGG
database. All other data analysis was performed with R and
Matlab.

Protein extraction and trypsin treatment

The sample was ground individually in liquid nitrogen and lysed
with lysis buffer containing 100 mM NH4HCOs(pH 8), 6 M urea, and
0.2% SDS, followed by 5 min of ultrasonication on ice. The lysate
was centrifuged at 12,000 g for 15 min at 4 °C and the supernatant
was transferred to a clean tube. Extracts from each sample were
reduced with 10mM DTT for 1h at 56°C and subsequently
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alkylated with sufficient iodoacetamide for 1 h at room tempera-
ture in the dark. Then samples were completely mixed with four
times volume of precooled acetone by vortexing and incubated at
—20°C for at least 2 h. Samples were then centrifuged and the
precipitation was collected. After washing twice with cold acetone,
the pellet was dissolved by dissolution buffer, which contained
0.1 M triethylammonium bicarbonate (TEAB, pH 8.5) and 6 M urea.

Then 120 pg of each protein sample was taken and the volume
was made up to 100 pL with lysis buffer. 3 uL of 1 pg/uL trypsin
and 500 pL of 50 mM TEAB buffer were added. The sample was
mixed and digested at 37 °C overnight. An equal volume of 1%
formic acid was mixed with the digested sample and centrifuged
at 12000 xg for 5 min at room temperature. The supernatant was
slowly loaded to the C18 desalting column, washed with 1 mL of
washing solution (0.1% formic acid, 4% acetonitrile) 3 times, and
eluted twice by 0.4 mL of elution buffer (0.1% formic acid, 75%
acetonitrile). Then the eluents were combined. All samples were
mixed with equal volume and lyophilized, and the remaining
eluent of each sample was lyophilized respectively.

DDA spectrum library construction

For transition library construction, shotgun proteomics analyses
were performed using an EASY-nLC™ 1200 UHPLC system
(Thermo Fisher) coupled with a Q Exactive HF-X mass spectro-
meter (Thermo Fisher) operating in the data-dependent acquisi-
tion (DDA) mode. The separated peptides were analyzed by Q
Exactive HF-X mass spectrometer (Thermo Fisher), with ion source
of Nanospray Flex™ (ESI), spray voltage of 2.5 kV, and ion transport
capillary temperature of 320 °C. Full scan ranged from m/z 350 to
1500 with resolution of 60,000 (at m/z 200), an automatic gain
control (AGC) target value was 3x10° and a maximum ion
injection time was 20 ms. The top 40 precursors of the highest
abundant in the full scan were selected and fragmented by
higher-energy collisional dissociation (HCD) and analyzed in MS/
MS, where resolution was 15,000 (at m/z 200), the AGC target
value was 1x 10°, the maximum ion injection time was 45 ms,
normalized collision energy of 27%, and intensity threshold of
2.2x10% and the dynamic exclusion parameter of 40s. The raw
data of MS detection was used to construct the DDA spectrum
library.

LC-MS/MS analysis for DIA mode

The lyophilized powder of each sample was dissolved in 12 pL of A
solution (0.1% FA in H,0), centrifuged at 15,000 rpm for 20 min at
4°C, and each supernatant was added to 0.4 uL of the standard
peptide. Then 1 g of the sample was injected into the EASY-
nLC™ 1200 UHPLC system (Thermo Fisher) coupled with an
Orbitrap Q Exactive HF-X mass spectrometer (Thermo Fisher)
operating in the data-independent acquisition (DIA) mode with
spray voltage of 2.5kV, Nanospray Flex™ (ESI) and capillary
temperature of 320 °C. For DIA acquisition, the m/z range covered
from 350 to 1500. MS1 resolution was set to 60,000 (at m/z 200).
The full scan AGC target value was 3 x 10°. The maximum ion
injection time was 50 ms. Then peptides were fragmented by HCD
in MS2, in which resolution was set to 30,000 (at 200 m/z), AGC
target value was 1x 10%, normalized collision energy of 27%.

Protein quantitation and data analysis

DDA and DIA data were analyzed using Proteome Discoverer 2.2
(PD 2.2, Thermo) platform, Biognosys Spectronaut version 9.0, and
R statistical framework. DDA MS raw files were analyzed by PD
software (version 2.2) and peak lists were searched against the
protein database. MS1-based label-free quantification (LFQ) was
done wusing the maxLFQ algorithm [21]. MS2-based-label-
free quantification was carried out by analyzing DIA raw data
using Biognosys Spectronaut (version 9.0) software. Data analysis
was carried out as described in Bruder et al. with minor
modifications [22].
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After protein quantitation, proteins with zero expression in all
samples were filtered out, leaving 2036 proteins under ISO
treatment and 3255 proteins under PE treatment. Differential
expression analysis of protein MS between conditions was
performed using the DESeq2 R package [19]. We screened for
differentially expressed genes with abs(protein MS fold change)
>1.2 and adjusted P value < 0.05. Subsequent functional enrich-
ment analysis was consistent with that in RNA-Seq.

Quantitative real-time PCR

Total RNA was extracted from heart tissue using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA Catalog 15596026). The RNA samples
were reverse transcripted to cDNA, and the expression of genes was
determined by real-time PCR with the Applied Biosystems Quant-
Studio 3 System. The relative expression of targeted genes was
calculated as a ratio to that of GAPDH. The primers were as
follows ( 5'-3'), Cxcr2 forward ATGCCCTCTATTCTGCCAGAT and
reverse GTGCTCCGGTTGTATAAGATGAC, Rgs2 forward GAGAAAATG
AAGCGGACACTCT and reverse GCAGCCAGCCCATATTTACTG, Ccrl2
forward GCCCCGGACGATGAATATGAT and reverse CACCAAGATAAA-
CACCGCCAG, Tnf forward CCCTCACACTCAGATCATCTTCT and
reverse GCTACGACGTGGGCTACAG, lI6 forward TAGTCCTTCCTACCCC
AATTTCC and reverse TTGGTCCTTAGCCACTCCTTC, 1118 forward GAC
TCTTGCGTCAACTTCAAGG and reverse CAGGCTGTCTTTTGTCAACGA,
I1Tb forward GCAACTGTTCCTGAACTCAACT and reverse ATCTTTTGGG
GTCCGTCAACT, Gapdh forward AGGTCGGTGTGAACGGATTTG and
reverse TGTAGACCATGTAGTTGAGGTCA.

Immunohistochemistry

The heart tissue was fixed with 4% paraformaldehyde and
embedded in paraffin. The tissue was cut into serial sections
and incubated with antibodies against the marker of immune
cells. Macrophages and neutrophils were stained with antibodies
against CD68 and Ly6G, respectively. Tissue sections were imaged
with the NanoZoomer-SQ Digital slide scanner (Hamamatsu,
Japan). The size of the positive area was calculated with the
ImageJ software.

ROS measurement

Cardiac ROS levels were determined by DHE staining. Briefly, a
freshly harvested heart was embedded with optimal cutting
temperature compound within 10 min and cut into slices within
2 h, then incubated for 30 min at 37 °C with DHE (5 uM). The slides
were covered using a mounting medium with DAPI. The slides
were examined using a laser confocal microscope with an
excitation maximum of 535nm and an emission maximum of
610 nm.

ATP measurement

ATP level was determined using ATP Determination Kit (Thermo
Scientific, USA, Catalog A22066). Fresh cardiac tissue was
homogenized in a mixture containing radioimmunoprecipitation
assay buffer and the protein content was determined using a
Bradford protein assay kit. ATP levels were measured according to
the manufacturer’s instructions. Finally, the ATP level was
normalized by the protein concentration.

Western blotting

Western blotting experiments were performed according to the
guide from Tie et al. [23]. The lysate of cardiac tissue was
subjected to SDS-PAGE electrophoresis and blotted on nitrocellu-
lose membranes. The membranes were incubated with first
antibodies overnight at 4 °C, and then with corresponding second
antibodies. The blots were visualized with Thermo Scientific Pierce
ECL detection reagent and imaged with GeneGnome chemilumi-
nescence imaging system (Syngene, Frederick, MD, USA). The
relative expression is calculated according to the gray value of
blots with the ImageJ software.
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Statistical analysis

Results were presented as mean +£SEM, and sample sizes were
listed in figure legends. The statistics analysis was performed
using one-way ANOVA with an LSD post hoc test. P<0.05 was
considered statistically significant.

Protein-protein association analysis
Protein-protein association analysis was performed using STING
[24]. All types of interactions were included in this study.

RESULTS

Transcription profiles revealed differences between (3-AR and a;-
AR activation

To obtain temporal profiles of the inflammatory responses, we
separated mouse heart tissues at time points of 1 h and 1 day after
B-AR agonist (Isoproterenol, ISO) and a;-AR agonist (phenylephr-
ine, PE) treatment. Then RNA and protein were extracted for RNA-
Seq and protein mass spectrometry, respectively (Fig. 1a). After
filtering out low expression genes for RNA-Seq, 24,188 and 23,526
genes were reserved for subsequent analysis of ISO and PE
treatments, respectively.

To gain a global understanding of the distinctions between (-
AR and a;-AR activation, we analyzed the correlation of gene
expressions from RNA-Seq between experimental conditions and
replicates. For ISO treatment, the RNA-Seq data showed high
Pearson correlation coefficients between replicates, indicating
reliable measurements (Fig. 1b). The gene expression profile
changed drastically 1h after ISO treatment but reverted to be
similar to the control group on day 1. This pulse-like dynamic was
also evident in the principal component analysis of the gene
expression profile (Fig. 1c). For PE treatment, expression profiles
between replicates were also highly correlated (Fig. 1d), while
their temporal dynamics were consistently distinct from those of
ISO treatment. Although there was a considerable difference
between the 1-h samples and the control group, the disparity
between the 1-day samples and the control was even more
significant (Fig. 1d,e). These findings suggested that the dynamics
of the expression profiles caused by ISO and PE are markedly
different. B-AR agonist ISO induces more transient changes that
cease within a day, whereas a;-AR agonist PE induces more long-
lasting effects.

We further searched for differentially expressed genes after
each type of treatment. As illustrated by the volcano diagrams,
there were more differentially expressed genes at 1 h than that at
1 day after ISO treatment, including up-regulation of /I1b, Il6, and
other inflammatory factors (Fig. 1f-h). For PE treatment, the
number of differentially expressed genes kept increasing over
time (Fig. 1i-k). In addition, within these differentially expressed
genes, the fold changes of some reported inflammatory factors
such as Nirp3, 111b, 116, and 1118 also rise over time. In summary, ISO
induced a transient pulse in the transcriptome that recovered
within one day. In contrast, PE induced sustained transcriptome
changes, particularly in inflammatory response.

Changes in gene expression over time were closely associated
with inflammation

To further elucidate biological processes associated with the
differential responses, we compared the functional enrichments of
all sets of genes according to their patterns of fold changes during
ISO and PE treatment.

At 1 h after treatment, genes that were specifically upregulated
under ISO treatment did not show a significant association with
inflammation, but were mainly involved in angiogenesis (Supple-
mentary Fig. 1). Contrarily, gene ontology (GO) analysis showed
that the genes specifically up-regulated under PE treatment
(Fig. 2a, orange area) were mostly involved in chemokine-
mediated signaling pathways and leukocyte migration, particularly
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neutrophils (Fig. 2b). Meanwhile, genes upregulated by both ISO
and PE treatments (Fig. 2a, blue area) were mainly involved in
inflammation-related pathways (Fig. 2c), consistent with previous
studies [16, 25]. In addition, the specifically downregulated genes
under ISO treatment were primarily involved in the cellular
response to external stimuli and virus infection (Supplementary
Fig. 2a-c), while the small number of specifically downregulated
genes under PE treatment did not associate with significant
functional enrichment.

On 1 day after treatment, there were only a few differentially
expressed genes induced by ISO, mostly unannotated (Supplemen-
tary Fig. 2d, e), consistent with the pulse-like dynamics under ISO
treatment. By contrast, there were a large number of genes
differentially expressed after PE treatment (Fig. 2d). Among these
genes, those specifically up-regulated by PE (but not ISO) are
predominantly involved in inflammatory-related pathways (Fig. 2e). Of
note, the neutrophil extracellular trap formation pathway, a key
pathway for neutrophils activities, was also substantially enriched in
GO analysis. Meanwhile, the genes specifically down-regulated by PE
(but not 1SO) were predominantly engaged in metabolic processes
(Fig. 2f). In summary, consistent with their patterns of global
transcriptome changes, both ISO and PE stimulated the cardiac
inflammatory pathway 1h after treatment. However, 1SO-induced
cardiac inflammatory response returned to the baseline one day after
treatment, whereas PE-induced inflammatory responses lasted at
least one day. In addition, one day after PE treatment, metabolic
pathways were significantly downregulated. Notably, GO analysis
suggested that PE treatment may result in neutrophil infiltration, a
phenomenon that did not occur under ISO treatment.

PE treatment led to neutrophil infiltration
Both macrophages and neutrophils are important responders to
cardiac stress. According to previous reports, macrophages are
one of the primary types of infiltrated cells in the heart during
adrenergic receptor activation [26]. During the acute phase of
inflammation, neutrophils are one of the first responders of
inflammatory cells to migrate toward the site of inflammation
[27, 28]. Therefore, to verify the hypothesis of PE-specific
neutrophil infiltration inferred from RNA-Seq, we performed
immunohistochemistry at various time points after ISO and PE
treatments. First, macrophages were identified by the CD68
marker, by which we observed comparable infiltration of
macrophages one day after both ISO and PE treatment (Fig. 3a-b).
Next, we labeled the neutrophils with marker Ly6G. Consistent
with the RNA-Seq analysis, mouse heart tissue exhibited no
neutrophil infiltration under ISO treatment (Fig. 3¢, d). Meanwhile,
we observed strong neutrophil infiltration one day after PE
treatment (Fig. 3c). Seven biological replicates confirmed sub-
stantial neutrophil infiltration only on day 1 under PE treatment
(Fig. 3d). Thus, it is confirmed that ISO treatment did not result in
neutrophil infiltration throughout, whereas PE treatment resulted
in significant neutrophil infiltration at one day.

Different expression patterns of chemokines affected neutrophil
infiltration

Next, we searched the upstream pathways of inflammatory
responses for factors linked to PE-specific neutrophil infiltration.
Chemokines are a family of chemoattractant cytokines interacting
with chemokine receptors on leukocytes to stimulate their
directional movement [29]. We compared the RNA-Seq expression
levels of all chemokines and chemokine receptors under different
treatments. It was observed that the expression of chemokines
under PE treatment was substantially higher than that under I1SO
treatment, and reached a maximum one day after PE treatment
(Fig. 4a, left panel). Several of these chemokines were known to be
associated with neutrophil migration, such as Ccl24, Cxcl3, Cxcl5,
Cxcl2, Ccl9, Ccl7, Cxcll, etc [30]. In addition, the expression of
chemokine receptors was also much higher under PE treatment

Acta Pharmacologica Sinica (2023) 0:1-16
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Fig. 2 Functional enrichment analysis of differentially expressed genes in time series after ISO and PE treatment. a Comparison of RNA-
Seq fold change at 1h after ISO (n=5, 5, and 5 for control, 1h, 1d, respectively) and PE treatments (n =4, 5, and 5 for control, 1h, 1d,
respectively). Genes differentially expressed with statistical significance were shown. The genes highlighted in orange were specifically up-
regulated under PE treatment but not under ISO, while those highlighted in blue were up-regulated under both ISO and PE. b Gene ontology
(GO) enrichment analysis of genes specifically upregulated under PE treatment (orange in a). The color of the dots represents the
—log;o(adjusted P value), and the size represents the number of genes. GO BP terms with adjusted P value less than 0.05 are shown. ¢ Same as
b, but for genes up-regulated under both PE and ISO (blue in a). d-f Same as a-c, but showing the results 1 day after treatments, and genes
highlighted in orange were specifically up-regulated under PE treatment, while those highlighted in blue were specifically downregulated
under PE treatment.

than under ISO treatment, especially Cxcr2, a major chemokine cells, especially neutrophils, was partly attributable to stronger
receptor on neutrophils (Fig. 4a, right panel) [31, 32]. GSEA and chemokine expressions.

KEGG Pathview analysis showed that the neutrophil extracellular We noticed in the RNA-Seq profile that after ISO treatment
trap pathway was significantly activated 1 day after PE treatment specifically, some chemokines were up-regulated at 1h, then
(Fig. 4b, and Supplementary Fig. 3). Furthermore, qPCR validation returned to their baseline levels at 1 day (Fig. 4a). It is intuitive to
of Cxcr2 confirmed that PE stimulated the expression of Cxcr2, hypothesize that there may be genes that reduced inflammation
which reached its peak at 1 day. Meanwhile, the expression of under ISO treatment (Fig. 4d). Indeed, multiple genes specifically
Cxcr2 under ISO treatment remained low over time (Fig. 4c). These up-regulated at 1 h after ISO treatment were typically reported to
results suggested that the PE-induced infiltration of inflammatory inhibit inflammation, including Tnfaip3 [33], Ccrl2 [34], Hoxa5 [35],
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Foxc2 [36], Rgs2 [37], and Cbarp [38, 39] (Fig. 2a). Especially, Rgs2
plays an anti-inflammatory role and inhibits neutrophils [37], and
the loss of Ccrl2 leads to a stronger inflammatory response [34].
gPCR validations demonstrated that both Rgs2 and Ccrl2 were
considerably upregulated 1h after ISO treatment, but largely
unaffected by PE treatment (Fig. 4ef). In conclusion, we
discovered that ISO resulted in the expression of inflammatory
suppressor genes at 1 h, which may account for lower chemokine
expression, weaker inflammatory cell infiltration, and reduced
inflammation responses one day after treatment.

PE-induced inflammatory response through activating the NF-kB
pathway

The aforementioned investigation revealed that PE treatment led
not only to the infiltration of neutrophils, but also a stronger and
more persistent inflammatory response. Regarding the NOD-like
receptor signaling pathway and cytokine-cytokine receptor
interaction pathway, two important pro-inflammation pathways,
KEGG Pathview showed that PE-induced activation led to
upregulation of a greater number of pathway-associated genes
than ISO-induced activation (Supplementary Figs. 4, 5). To further
explore the mechanisms behind the distinct inflammatory
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responses induced by ISO and PE treatment, we focused on the
NF-kB signaling pathway. NF-kB is a pivotal mediator of
inflammatory response, inducing the expression of various
inflammatory genes and participating in inflammasome regulation
[40]. GSEA analysis showed that the NF-kB signaling pathway was
significantly activated at 1 day induced by PE, but not by ISO
(Fig. 5a, and Supplementary Fig. 6). Then, we performed qPCR
validations on the inflammatory factors downstream of NF-kB. It is
worth noting that there were substantial neutrophil infiltration
and Cxcr2 upregulation only at day 1 after PE treatment (Figs. 3d,
4c). To verify whether the expression peak of inflammatory genes
after PE treatment was at day 1, we extended the sampling time
point of gPCR validation to day 3. It showed that Tnf, Il6, 118, and
I11b were significantly up-regulated from 1 h to 1 day after PE, but
not ISO treatment (Fig. 5b). And the expression of these genes
dropped significantly at day 3 after PE treatment, indicating that
the expression of inflammatory genes peaked at day 1 after PE
treatment.

The phosphorylation of P65, a core protein in NF-kB pathway, is
critical for nuclear localization of NF-kB and initiation of
transcription of downstream target genes [41]. Therefore, we
performed Western blot analysis on the phosphorylation level of
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significance.

P65. The results showed that the proportion of phosphorylated
P65 did not increase after ISO treatment (Fig. 5¢), but increased
significantly after PE treatment (Fig. 5d). In summary, combined
with downstream genes analysis of NF-kB, we revealed that PE
treatment activated the NF-kB signaling pathway, which may be
attributable for the strong and persistent inflammatory response.

Furthermore, to further validate the effects of NF-kB pathway,
we pretreated the mice with NF-kB inhibitor Bay11-7082 before PE
treatment. We found that inhibition of NF-kB could effectively
suppress the upregulation of these inflammatory genes induced
by PE treatment (Fig. 6a). Remarkably, immunostaining experi-
ments confirmed that inhibition of NF-kB pathway significantly
reduced the infiltration of macrophages and neutrophils induced
by PE treatment at 1 day (Fig. 6b-e). These results further
established that PE treatment activated inflammatory response
through NF-kB pathway.
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Transcriptome and proteome changed in concert during cardiac
inflammation

The aforementioned transcriptome analysis revealed that PE
treatment results in a more powerful and prolonged inflammatory
response than ISO treatment. Next, we examined the correlation
between mRNA and protein levels to check if this observation
holds true at the proteomic level. After filtering out the low-
expression proteins, a total of 2036 proteins under ISO treatment
and 3255 proteins under PE treatment were used for subsequent
analysis. Under ISO treatment, there were only 18 and 178
differentially expressed proteins by protein Mass Spectrometry
(MS) at one hour and one day, respectively. Meanwhile, after PE
treatment, these two numbers are about ten and five folds larger
than those after ISO treatment (Fig. 7a). In addition, neither the
transcriptome nor the proteome changed appreciably after 1SO
treatment, accompanied by low correlation coefficients between
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significance.

the fold changes (Fig. 7b, and Supplementary Fig. 7). Nevertheless,
there was a significant correlation between the fold changes of
mRNA and protein levels one day after PE treatment, with a
correlation coefficient of 0.38 (Fig. 7c).

To identify whether differentially expressed proteins in the
proteome are also associated with inflammatory responses, we
selected the significantly up-regulated proteins one day after PE
treatment with fold change >1.2 and adjusted P value < 0.05.
Functional enrichment analysis showed that these genes were
mainly involved in three types of biological processes, including
inflammation and immunity, leukocyte migration, and response to
oxidative stress (Fig. 7d, left panel). Furthermore, the mRNA and
protein levels of the enriched genes in the corresponding GO
terms were significantly up-regulated one day after PE treatment
(Fig. 7d, right panel). We also selected the significantly
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downregulated proteins one day after PE treatment with fold
change <—1.2 and adjusted P value < 0.05. Consistent with the
results from RNA-Seq in Fig. 2f, these genes are primarily involved
in energy-related metabolic processes such as TCA cycling and
oxidative phosphorylation (Fig. 7e). In summary, the combined
analysis of transcriptome and proteome confirmed that transcrip-
tome and proteome changed in concert during cardiac inflamma-
tion 1 day after PE treatment.

In addition, to validate the expression changes observed in
protein MS, we performed Western blot analysis for inflammation-
related and metabolism-related genes that were significantly up-
and downregulated, respectively. Results of Western blot further
confirmed that PE treatment caused the upregulation of these
inflammation-related genes as well as the downregulation of
metabolism-related genes (Fig. 7f, g). We also measured the ATP
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levels in the heart tissue. The cardiac ATP levels were significantly
decreased on day 1 and day 3 after PE treatment, consistent with
the results in transcriptome and proteome (Fig. 7h). In agreement,
ATP generation-related proteins (NDUFA8 and COX4) decreased at
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day 1 after PE treatment (Fig. 7g). These results indicated that PE
downregulated metabolic proteins and inhibited ATP generation.
Moreover, we also detected the ROS levels in cardiac tissue after
PE treatment using fluorescence staining. The results showed that
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Fig. 7 Combined analysis of transcriptome and proteome after ISO and PE treatment. a Numbers of differentially expressed genes from
protein MS at 1 h and 1 day after ISO (upper panel, n =5, 5, and 5 for control, 1 h, 1d, respectively) and PE treatment (lower panel, n =4, 5, and
5 for control, 1 h, 1d, respectively). b Comparison between RNA-Seq and protein-MS fold changes at 1 day after ISO treatment. Lines in the
figure represent the linear fitting of all 2036 genes. ¢ Comparison between RNA-Seq and protein MS fold changes at 1 day after PE treatment.
The color of the dots represents the density. The lines in the figure represent the linear fitting of all 3255 genes. d Gene ontology (GO)
enrichment analysis of upregulated genes from protein MS at 1 day after PE treatment (left panel), and heatmaps of mMRNA (middle panel) and
protein (right panel) expression levels for the corresponding enriched genes. The heatmap was Z-score normalized by row. Gene orders in
RNA-Seq and MS were consistent. e Gene ontology (GO) enrichment analysis of downregulated genes from protein MS at 1 day after PE
treatment. The color of the dots represents the —log;g(adjusted P value), and the size represents the number of genes. GO BP terms with
adjusted P value less than 0.05 are shown. Western blot analysis for inflammatory-related genes (f) and metabolism-related genes
(g) in cardiac tissue after PE treatments (n = 6). h ATP concentration in cardiac tissue after PE treatment (n = 6). ANOVA was performed to test

for statistical significance. “*” represents P value less than 0.05. “**" represents P value less than 0.01. “***” represents P value less than 0.001.
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the ROS level increased at 1 h after PE treatment (Supplementary
Fig. 8).

PE treatment resulted in the downregulation of energy-related
metabolic processes
To further clarify the downregulation of metabolic processes one
day after PE treatment, we compared the expression of typical
genes in the TCA cycle (29 genes) and oxidative phosphorylation
pathways (80 genes) across different conditions by both RNA-seq
and MS. One day after PE treatment, the mRNA and protein levels
of the genes in both pathways were down-regulated in concert,
whereas ISO treatment had no discernible effect (Fig. 8a, b). Since
both the TCA cycle and oxidative phosphorylation are important
pathways for cell energy production [42], our findings suggested
that PE treatment not only caused a strong inflammatory response
at one day, but also altered the fundamental metabolism of cells.
To explore the link between cardiac inflammatory response and
metabolic disorders, we compiled a list of inflammation and
immune-related genes involved in immune response,
inflammation-related signaling pathways, leukocyte migration,
regulation of cytokine production and interaction, etc., that were
significantly up-regulated in transcriptome and proteome after PE
treatment. We also compiled metabolism-related genes that were
significantly downregulated in transcriptome and proteome after
PE treatment, involved in oxidative phosphorylation, ATP-related
metabolic process, etc. In addition, we performed protein-protein
association analysis for the two groups of genes [24]. There was a
diversity of interactions between immune and metabolism-related
genes, which constituted a relatively complex association network
(Fig. 8c). These results offered valuable clues for future studies on
the interplay between immune response and metabolic changes.

DISCUSSION
In this study, we systematically compared the effects of a;-AR and
B-AR acute overactivation in the heart. We found that both
overactivation of a;- and B-AR resulted in cardiac inflammation
and continuous infiltration of macrophages from 1 day to 3 days
after treatment, but the temporal transcriptional profiles exhibit
substantial differences. The change in the transcriptional profile
caused by [B-AR activation transiently increased at 1h and
returned to baseline at 1 day. Whereas a;-AR activation resulted
in sustained expression of inflammatory genes. Intriguingly, the
overactivation of a;-AR led to neutrophil infiltration at 1 day after
PE treatment, which was closely associated with the up-regulation
of chemokines and the activation of NF-kB pathway. Furthermore,
by integrating transcriptome and proteomics, we confirmed that
PE treatment led to coordinated changes in mRNA and protein,
and found that it even affected basic metabolic processes. These
findings reveal profound differences in cardiac inflammation
caused by a;- and (-AR (Fig. 9).

In our findings, the temporal profiles of cardiac inflammation
induced by ISO and PE differed drastically. ISO induced a pulse-like
response, accompanied by a poor correlation between mRNA and
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protein changes. There may be two possible explanations for the
poor correlation between mRNA and protein changes. First,
previous studies suggested that besides changes in transcriptional
level, some of the ISO-induced responses occur at the post-
transcriptional level [16]. For example, the mRNA level of Ccl2, Il6,
and Tnf after ISO treatment increased in this study, consistent with
the ELISA result in the previous study, indicating a transcriptional
regulation for these genes. In contrast, the 1SO-induced cleavage
activation of IL18 in heart by activating inflammasome, which
directly increased the protein abundance of activated IL18 without
increasing mMRNA level [16]. Second, protein synthesis takes time.
Thus, there was a delay between transcriptional induction and
protein level changes [43]. In summary, the post-transcriptional
regulation and temporal delay of protein synthesis may be
accountable for the poor mRNA-protein correlation under ISO
treatment. In comparison, PE induced more sustained transcrip-
tional expression increase, resulting in a strong correlation
between transcriptome and proteome changes at 1 day. This
strong correlation suggested that cardiac responses to PE
treatment are more at the transcriptional level. Activation of the
NF-kB pathway may be one of the potential reasons for the
different temporal profiles of PE treatment compared with ISO.
The NF-kB pathway is known to up-regulate the expression of
various inflammatory genes, including Tnf and //1b, which can
further activate the NF-kB pathway, tending to form positive
feedbacks that amplify inflammatory responses. Consistent with
our results, a recent study showed that combined chronic
0:-AR + B-AR stimulation led to more inflammation than B-AR
stimulation alone [44].

The final inflammatory state depends on the balance between
damage and repair [45]. Transcriptomic analysis showed that the
transcription of inflammatory genes induced by ISO returned to
baseline at 1 day. In addition to the fact that ISO treatment does
not activate the NF-kB pathway, it is also important to note that
ISO treatment can promote cardiac repair to some extent. In our
study, ISO treatment led only to macrophage infiltration, which
was consistent with previous studies [16]. Beyond stimulating
immune system, macrophages themselves play a significant anti-
inflammatory role [46, 47]. Moreover, ISO treatment led to specific
up-regulation of genes involved in promoting repair or inhibiting
inflammation at 1 h (Supplementary Fig. 1), particularly Rgs2 and
Ccrl2. They play a crucial role in regulating immune responses
[48, 49]. And knockdown of either Rgs2 or Ccrl2 has been reported
to lead to increased inflammation [34, 37, 50].

The roles of a;- and B-AR activation in the heart depend on the
disease state. For example, the activation of a;-AR induced by PE
plays a protective role in severe infections such as sepsis [51].
However, in the absence of exogenous strong proinflammatory
effects, overactivation of a;- and 3-AR can lead to harmful cardiac
inflammation. Previous reports also indicated that PE treatment-
induced cardiac hypertrophy [52-54]. In our study, contrary to ISO
treatment, we found that PE treatment resulted in additional
neutrophil infiltration at 1 day, which had not been reported in
previous studies. Neutrophil has been suggested to play a causal
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Fig. 9 [lllustration of the differences in inflammatory responses
between a;-AR and B-AR activation. a;- and B-AR activations
induced sustained and transient inflammatory gene expression,
respectively. The overactivation of B-AR induced the cleavage
activation of IL18 by activating inflammasome, while the over-
activation of a;-AR led to neutrophil infiltration at 1 day, which was
closely associated with the up-regulation of chemokines, activation
of NF-kB pathway, and sustained inflammatory response. Further-
more, there are more metabolic disorders under «;-AR over-
activation compared with -AR overactivation.

role in inflammatory monocyte/macrophage recruitment, thereby
promoting the development of inflammation [55]. In addition,
early after myocardial infarction, neutrophil infiltration in the heart
is frequently observed [56]. Therefore, we hypothesized that
neutrophil infiltration induced by PE may be associated with
persistent inflammation. Considering that neutrophil infiltration,
chemokine receptor Cxcr2 expression, and downstream genes of
NF-kB pathway all reached their peak at day 1, we inferred that
the inflammatory response after PE treatment reached its peak at
the same time.

The downregulation of mitochondrial metabolism pathways,
including the citrate cycle pathway and the oxidative phosphor-
ylation pathway, is another characteristic phenomenon following
PE treatment. The downregulation is consistent in both
transcriptomic and proteomic levels, implying PE treatment
may cause more metabolic disorders. Indeed, the tight associa-
tion between inflammation and metabolism has been suggested
in the heart [57]. Metabolic disorders can be caused by abnormal
accumulation of metabolites, which directly influence inflamma-
tory responses. For example, metabolic intermediates, such as
succinate, are accumulated during the disorder of the citrate
cycle and promote the expression of proinflammatory IL-13 via
the hypoxia-inducible factor 1a pathway [58]. In addition,
oxidative phosphorylation is the main process in cardiomyocytes
producing ATP, and it also generates reactive oxygen species
(ROS) that induce inflammation [59]. Previous studies have
reported that ROS generation was enhanced following a-AR
stimulation. In adult rat cardiac myocytes, a;-AR stimulation
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induces NAD(P)H oxidase-depended ROS generation, leading to
the activation of the Ras-Raf-MEK1/2-ERK1/2 pathway in vitro,
and resulting in myocyte hypertrophy [60, 61]. In this study, we
found ROS levels in cardiac tissue were also elevated after PE
treatment in vivo, which may contribute to cardiac inflammation
(Supplementary Fig. 8). In this study, pathways related to ROS
were significantly upregulated after PE treatment. Excessive ROS
promotes the production of inflammatory cytokines and acti-
vates the NLRP3 inflammasome, thereby contributing to inflam-
mation [62]. Moreover, damage-associated molecules can be
released from damaged mitochondria and activate Toll-like
receptors or NLRP3 inflammasomes to initiate inflammatory
signaling [63]. In summary, the metabolic disorder following
PE treatment may further amplify the cascade of cardiac
inflammation.

One limitation of our study is that proteomics cannot reach the
same width of the genome as transcriptomics because of the high
expression of mitochondria-related genes in cardiomyocytes and
the high detection line of proteomics. The connection between
acute cardiac inflammation and metabolic disorders calls for
further investigation using a combination of metabolomics and
computational techniques. Both 3-AR and a;-AR have cardiopro-
tective and cardiotoxic effects. Further studies are needed to find
the strategy promoting the protective effects of AR signaling while
minimizing cardiotoxic effects. To achieve this goal, it is important
to understand the contribution of different types of cells to cardiac
inflammation upon sympathetic stress. Cardiac inflammation is
associated with a variety of cell types, including immune cells,
cardiac myocytes, fibroblasts and endothelial cells [64]. The bulk
sequencing of heart tissue used in our study cannot distinguish
the effects of different types of cells, thus single-cell transcrip-
tomics is needed in the future studies. Despite of the limitation,
our findings elucidated the similarities and differences in cardiac
inflammation caused by acute a;- and B-AR overactivation, thus
providing novel strategies and potential targets for clinical
treatment of stress-associated cardiovascular diseases. In fact, in
the typical disease of stress-induced heart injury, such as stress
cardiomyopathy with high mortality [65], treatment with B-blocker
in the acute phase did not reduce mortality [66], implying that
inhibition of B-AR is not sufficient to ameliorate stress-induced
heart injury. Therefore, our findings suggested that besides using
-blocker as soon as possible, blocking a;-AR within one day after
stress should also be considered for the treatment of acute stress
associated cardiovascular diseases.
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