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Abstract: Inflammation is a tightly regulated process involving immune receptor recognition, im-
mune cell migration, inflammatory mediator secretion, and pathogen elimination, all essential for
combating infection and restoring damaged tissue. However, excessive inflammatory responses
drive various human diseases. The autonomic nervous system (ANS) is known to regulate inflam-
matory responses; however, the detailed mechanisms underlying this regulation remain incom-
pletely understood. Herein, we aimed to study the anti-inflammatory effects and mechanism of
action of the ANS in RAW264.7 cells. Quantitative PCR and immunoblotting assays were used
to assess lipopolysaccharide (LPS)-induced tumor necrosis factor α (TNFα) expression. The anti-
inflammatory effects of catecholamines (adrenaline, noradrenaline, and dopamine) and acetylcholine
were examined in LPS-treated cells to identify the receptors involved. Catecholamines inhibited
LPS-induced TNFα expression by activating the β2 adrenergic receptor (β2-AR). β2-AR activation in
turn downregulated the expression of Toll-like receptor 4 (TLR4) by stimulating protein kinase A
(PKA) phosphorylation, resulting in the suppression of TNFα levels. Collectively, our findings reveal
a novel mechanism underlying the inhibitory effect of catecholamines on LPS-induced inflammatory
responses, whereby β2-AR activation and PKA phosphorylation downregulate TLR4 expression in
macrophages. These findings could provide valuable insights for the treatment of inflammatory
diseases and anti-inflammatory drug development.

Keywords: autonomic nervous system; catecholamine; β2 adrenergic receptor; lipopolysaccharide;
TNFα; PKA phosphorylation; TLR4

1. Introduction

Inflammation is an essential protective response activated by various stimuli and
conditions, such as trauma, burns, and infections [1]. It is tightly regulated and involves
the recognition of damaged cells and pathogens by immune receptors, ultimately resulting
in the recruitment of immune cells, secretion of inflammatory cytokines, elimination of
dead cells, and control of invading pathogens [2]. However, an excessive inflammatory
response underpins the pathogenesis of numerous human diseases and, when particularly
severe, can cause septic shock [3]. Therefore, exploring novel molecular mechanisms and
therapeutic targets for the alleviation of excessive inflammatory responses remains crucial.
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Lipopolysaccharide (LPS), an endotoxin released by Gram-negative bacteria, is a
potent trigger of the inflammatory cascade [4,5]. LPS can elicit an excessive inflammatory
response, resulting in microcirculatory dysfunction, multiple organ failure, and even
death [6]. Therefore, LPS has been extensively explored and established as a crucial tool for
inflammation research applied in in vivo as well as in vitro models [7,8]. Macrophages are
the predominant type of immune cells residing in tissues, representing central components
of the inflammatory response [9,10]. Upon activation by LPS, macrophages release a
variety of inflammatory cytokines, leading to inflammation and potential toxicity [11,12].
Among the various cytokines, tumor necrosis factor α (TNFα) is required and sufficient for
inflammation [13]. Additionally, pattern recognition receptors (PRRs) are essential elements
of the innate immune system and trigger the inflammatory cascade [14]. Toll-like receptors
(TLRs) were the first PRRs to be identified and have been studied extensively [15]. TLR4
responds to LPS, subsequently triggering a pro-inflammatory response that promotes the
elimination of invading bacteria [14]. In contrast, uncontrolled and excessive activation of
TLR4 by LPS may lead to sepsis, septic shock, or even death [16]. Hence, strict regulation of
TLR4 activation and associated signaling is essential to maintain TLR-induced inflammatory
responses at a balanced and appropriate level.

The autonomic nervous system (ANS), containing its sympathetic and parasympa-
thetic branches (SNS and PNS, respectively), is crucial for the regulation and maintenance of
physiological homeostasis. Many studies have shown that the SNS exerts anti-inflammatory
effects by activating adrenergic receptors (ARs), especially β2-AR, expressed on immune
cells [2,17,18]. While the SNS and PNS are considered functionally antagonistic, PNS activa-
tion was also shown to inhibit inflammation through the α7 nicotinic acetylcholine receptor
(α7nAChR) [19]. These reports suggest that the ANS could affect immune cell function and
regulate inflammatory responses; however, the associated regulatory mechanisms remain
incompletely understood.

The ANS has been shown to regulate macrophage function through the release of
neurotransmitters and activation of their cognate receptors, such as α7nAChR or β2-AR,
expressed on macrophages [13,20]. RAW264.7, a mouse macrophage cell line, is an in vitro
model commonly used for the study of LPS-induced inflammatory responses [3]. In
the present study, we sought to evaluate the anti-inflammatory effects and regulatory
mechanisms of the SNS and PNS in RAW264.7 cells. To this end, we characterized the
anti-inflammatory effects of catecholamines and ACh, identifying the receptors involved in
this response. Finally, we explored the relationship between β2-AR activation and TLR4
expression as well as the key factors involved. Our findings reveal a novel mechanism
underlying the inhibitory effect of SNS on LPS-induced inflammatory responses, which pro-
vides valuable insights for the treatment of inflammatory diseases and anti-inflammatory
drug development.

2. Materials and Methods
2.1. Materials

TRIzol reagent, Lipofectamine™ 3000, Lipofectamine™ RNAi MAX and the PierceTM

BCA Protein Assay Kit were purchased from Thermo Fisher Scientific Inc. (Waltham, MA,
USA). The pcDNA3.1 vector was obtained from Clontech (Palo Alto, CA, USA). Fetal
bovine serum, penicillin, streptomycin, LPS (Escherichia coli O111:B4), adrenaline (Ad),
noradrenaline (Nad), dopamine (DA), acetylcholine (ACh), phentolamine, propranolol,
metoprolol, ICI 118,551, metaraminol, isoproterenol, dobutamine, fenoterol, and H89 were
obtained from Sigma (St. Louis, MO, USA).

2.2. Cell Treatment

Murine macrophage RAW264.7 cells were obtained from the American Type Cul-
ture Collection (ATCC® CRL-2278TM, Manassas, VA, USA) and cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Nacalai Tesque Inc., Kyoto, Japan) containing 10%



Curr. Issues Mol. Biol. 2024, 46 11338

heat-inactivated fetal bovine serum, 100 unit/mL penicillin, and 100 µg/mL streptomycin.
Cells were maintained in a humidified 5% CO2 incubator at 37 ◦C.

RAW264.7 cells were treated with 1 µg/mL LPS as previously reported [21]. At 1, 2, 4,
6, 8, 10, or 12 h after treatment, total RNA and protein were extracted. TNFα mRNA and
protein expression were examined. Ad (0.01–10 µM), Nad (0.01–10 µM), DA (0.1–100 µM),
or ACh (0.01–10 µM) with or without LPS were added to cells and incubated for 2 h to
investigate the effect of catecholamines and ACh on LPS-induced TNFα expression. In
order to identify the receptors involved in LPS-induced TNFα expression, phentolamine
(a non-selective α-AR antagonist, 0.1 µM), propranolol (a non-selective β-AR antagonist,
0.1 µM), metoprolol (a selective β1-AR antagonist, 0.1 µM), and ICI 118,551 (a selective
β2-AR antagonist, 0.1 µM) were added to cells and incubated for 1 h. Then, LPS alone or in
combination with catecholamines (Ad 0.1 µM, Nad 1 µM and DA 100 µM) was added and
incubated for 2 h, whereafter TNFα expression was assessed.

Metaraminol (a non-selective α-AR agonist, 0.1 µM), isoproterenol (a non-selective
β-AR agonist, 0.1 µM), dobutamine (a selective β1-AR agonist, 0.1 µM), or fenoterol (a
selective β2-AR agonist, 0.1 µM) alone or in combination with LPS were added to cells and
incubated for 2 h, whereafter TNFα expression was assessed. The concentrations of the
agents used here were equal to or higher than those previously reported [22–25].

2.3. RT-qPCR

Total RNA was extracted from cells treated as described above using TRIzol™ Reagent.
One microgram of total RNA was reverse-transcribed in the presence of random hexamers
and oligo (dT) 20 primer using the ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan).
A universal mouse reference RNA was used as the positive control (#740100, Thermo
Fisher Scientific Inc.). Quantitative PCR (qPCR) was then performed using an Applied
BiosystemsTM QuantStudioTM3 Real-Time PCR system, with the TaqMan® Gene Expression
Assay kit (Thermo Fisher Scientific Inc.). The qPCR reaction was executed following the
standard cycling mode. The amplification conditions were held at 50 ◦C for 2 min and 95 ◦C
for 10 min followed by 40 repeat cycles of denaturation at 95 ◦C for 15 s, and annealing and
extension at 60 ◦C for 1 min. TNFα (ID: Mm00443258_m1), adrenergic receptor subtypes:
α1-type (α1a, ID: Mm00442668_m1; α1b, ID: Mm00431685_m1; α1d, ID: Mm01328600_m1),
α2-type (α2a, ID: Mm00845383_s1; α2b, ID: Mm00477390_s1; α2c, ID: Mm00431686_s1)
and β-type (β1, ID: Mm00431701_s1; β2, ID: Mm02524224_s1; β3, ID: Mm02601819_g1),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, ID: Mm99999915_g1) expres-
sion were assessed. The cycle threshold (Ct) values, at which amplification entered the
exponential phase were used as indicators of the relative amount of the initial target mRNA
in each sample. The results are presented as ratios of the target mRNA levels to those of
the internal control GAPDH as per the ∆∆CT method [26].

2.4. Immunoblotting Assay

RAW264.7 cells were homogenized in radioimmunoprecipitation assay lysis buffer
(Nacalai Tesque Inc.) containing a mixture of protease inhibitor cocktail (Complete™ tables;
Roche Applied Sciences, Mannheim, Germany). The lysates were sonicated and centrifuged
at 1000× g for 10 min at 4 ◦C. The protein concentrations of samples were determined
using a PierceTM BCA Protein Assay Kit. The same amount of sample was mixed with
Laemmli denatured buffer, separated via sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), and transferred to polyvinylidene fluoride (PVDF) membranes
(Immobilon-P, Millipore, Billerica, MA, USA) [26]. Blots were detected with antibodies at a
dilution of 1:1000 against TNFα (#11948), protein kinase A (PKA, #4782), phospho-PKA
(p-PKA, #5661), TLR4 (#14358), and GAPDH (#5174), followed by horseradish peroxidase-
conjugated secondary antibodies (#7074 and #7076, 1:2000). These antibodies were obtained
from Cell Signaling Technology (Danvers, MA, USA). In addition, some membranes were
probed with an antibody against β2-AR (1:500, sc-81577, Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Proteins were visualized using ECL SelectTM Western Blotting Reagent
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(Cytiva, Tokyo, Japan). GAPDH was used as an internal control to verify equivalent loading
across samples. Band densities were quantitatively analyzed using ImageJ software 1.54g
(National Institutes of Health).

2.5. siRNA Transfection and β2-AR Knockdown

Silencer Select Pre-designed siRNAs for β2-AR (β2-AR-siRNA, ID: s62080) and a
control siRNA (Con-siRNA, catalog #4390843) were purchased from Thermo Fisher Sci-
entific Inc. RAW264.7 cells were transfected with 5 nM β2-AR-siRNA and Con-siRNA
using Lipofectamine RNAiMAX according to the manufacturer’s protocol [26]. Eighteen
hours after transfection, total protein was extracted, and β2-AR and TLR4 expression was
examined. In order to evaluate the effect of β2-AR knockdown on LPS-induced TNFα
expression, LPS, alone or in combination with Ad, was added to cells and incubated for 2 h.
TNFα expression was then determined.

2.6. Construction of β2-AR-Overexpressing Plasmid and Transient Overexpression

The entire coding region of mouse β2-AR was amplified via PCR and inserted into
the Not I-EcoR I restriction sites of the pcDNA 3.1 (pcDNA) plasmid to construct a β2-AR
overexpressing plasmid (pcDNA-β2-AR). This construct was further confirmed through
sequencing. RAW264.7 cells were transfected with either the pcDNA-β2-AR plasmid or
a control (pcDNA) plasmid using Lipofectamine 3000 [26]. After 8 h of transfection, the
medium was replaced with supplemented DMEM, and cells were cultured for 10 h. β2-AR
expression was then examined to confirm the effect of plasmid transfection.

Eighteen hours after transfection, LPS, alone or in combination with Ad, was added to
the cells and incubated for 2 h. TNFα expression was then determined. Alternatively, 8 h
after transfection, the medium was replaced with supplemented DMEM with or without
H89 (a potent and selective inhibitor of cyclic AMP-dependent PKA, 10 µM) for 10 h. Ad
was then added and incubated for 2 h. TLR4, PKA, and p-PKA levels were determined
via immunoblotting.

2.7. Statistical Analysis

Results are expressed as means ± standard error (SE). For multiple comparisons, a
one-way repeated-measures analysis of variance was performed with Scheffe or Bonferroni
corrections. Two-tailed Student’s t-tests were used for comparisons between the two groups.
Statistical analyses were performed using GraphPad Prism 6 (San Diego, CA, USA). p < 0.05
was considered significant.

3. Results
3.1. LPS Induced TNFα Expression in RAW264.7 Cells

We first examined the expression of TNFα in LPS-treated RAW264.7 cells using RT-
qPCR and immunoblotting assays. TNFα expression was clearly enhanced from 1 h after
LPS treatment, with a peak at 2 h, then gradually diminishing at both the mRNA and protein
levels (Figure 1). These results indicated that LPS induces an inflammatory response in
macrophages in a time-dependent manner. As LPS-induced TNFα expression was the
highest at 2 h after treatment with LPS, the following experiments were carried out at this
time point.
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Figure 1. Time-dependent effect of LPS on TNFα production in RAW264.7 cells. TNFα expression 
was measured at the mRNA level (upper panel) via RT-qPCR and at the protein level (lower panel) 
through immunoblotting, following treatment with 1 µg/mL LPS at various time points (0–12 h). 
Data from qPCR analyses are expressed as mean ± SE (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001 
vs. without LPS treatment (0 time). For the immunoblotting, one representative result from three 
independent experiments is shown. GAPDH was used as a loading control. 

3.2. Ad, Nad, and DA Suppressed LPS-Induced TNFα Expression 
We then examined the effects of Ad, Nad, DA, and ACh on LPS-induced TNFα ex-

pression. Ad, Nad, and DA clearly suppressed LPS-induced TNFα expression at the 
mRNA and protein levels in a concentration-dependent manner (Figure 2a–c). Notably, 
compared to Nad and DA, Ad exhibited a stronger inhibitory effect on LPS-induced TNFα 
expression. In contrast, treatment with ACh failed to affect TNFα expression (Figure 2d). 
These observations suggested that the SNS may suppress LPS-induced inflammatory re-
sponse in macrophages. Lower concentrations of Ad (0.1 µM), Nad (1 µM), and DA (100 
µM) markedly inhibited the LPS-induced TNFα expression and were thus, used in the 
subsequent experiments. 

Figure 1. Time-dependent effect of LPS on TNFα production in RAW264.7 cells. TNFα expression
was measured at the mRNA level (upper panel) via RT-qPCR and at the protein level (lower panel)
through immunoblotting, following treatment with 1 µg/mL LPS at various time points (0–12 h).
Data from qPCR analyses are expressed as mean ± SE (n = 3). * p < 0.05, ** p < 0.01, and *** p < 0.001
vs. without LPS treatment (0 time). For the immunoblotting, one representative result from three
independent experiments is shown. GAPDH was used as a loading control.

3.2. Ad, Nad, and DA Suppressed LPS-Induced TNFα Expression

We then examined the effects of Ad, Nad, DA, and ACh on LPS-induced TNFα
expression. Ad, Nad, and DA clearly suppressed LPS-induced TNFα expression at the
mRNA and protein levels in a concentration-dependent manner (Figure 2a–c). Notably,
compared to Nad and DA, Ad exhibited a stronger inhibitory effect on LPS-induced TNFα
expression. In contrast, treatment with ACh failed to affect TNFα expression (Figure 2d).
These observations suggested that the SNS may suppress LPS-induced inflammatory
response in macrophages. Lower concentrations of Ad (0.1 µM), Nad (1 µM), and DA
(100 µM) markedly inhibited the LPS-induced TNFα expression and were thus, used in the
subsequent experiments.
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α2a-, α2b-, α2c-, β1-, and β2-AR mRNA expression was detected in RAW264.7 cells (Fig-
ure 3a). Pre-treatment with propranolol and ICI 118,551 noticeably attenuated the inhibi-
tory effects of Ad, Nad, and DA on LPS-induced TNFα expression (Figure 3b–d). How-
ever, phentolamine and metoprolol failed to do so. Furthermore, we examined the effects 
of AR agonists on LPS-induced TNFα expression. As expected, treatment with isopro-
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Figure 2. Concentration-dependent effects of adrenaline (Ad), noradrenaline (Nad), dopamine (DA),
and acetylcholine (ACh) on LPS-induced TNFα production in RAW264.7 cells. Cells were treated
with varying concentrations of (a) Ad (0.01–10 µM), (b) Nad (0.01–10 µM), (c) DA (0.1–100 µM), and
(d) ACh (0.01–10 µM), in the presence or absence of 1 µg/mL LPS for 2 h. TNFα expression was
assessed at both the mRNA level (upper panel) via RT-qPCR and the protein level (lower panel) via
immunoblotting. Data from qPCR analyses are expressed as mean ± SE (n = 3). *** p < 0.001 vs.
without any treatment; ## p < 0.01 and ### p < 0.001 vs. with LPS treatment. For the immunoblotting,
one representative result from three independent experiments is shown. GAPDH was used as a
loading control.

3.3. Ad, Nad, and DA Suppressed LPS-Induced TNFα Expression by Activating β2-AR

To identify the receptor through which catecholamines regulated LPS-induced TNFα
expression, we examined AR expression using RT-qPCR. Specifically, α1a-, α1b-, α1d-, α2a-,
α2b-, α2c-, β1-, and β2-AR mRNA expression was detected in RAW264.7 cells (Figure 3a).
Pre-treatment with propranolol and ICI 118,551 noticeably attenuated the inhibitory effects of
Ad, Nad, and DA on LPS-induced TNFα expression (Figure 3b–d). However, phentolamine
and metoprolol failed to do so. Furthermore, we examined the effects of AR agonists on
LPS-induced TNFα expression. As expected, treatment with isoproterenol and fenoterol also
considerably suppressed LPS-induced TNFα expression, while metaraminol and dobutamine
did not work (Figure 3e). These findings indicated that the SNS may suppress LPS-induced
inflammatory response in macrophages via β2-AR activation.

Curr. Issues Mol. Biol. 2024, 46, FOR PEER REVIEW 7 
 

 

 
Figure 3. Roles of the β2 adrenergic receptor (β2-AR) in the effects of Ad, Nad, and DA on TNFα 
expression in LPS-treated RAW264.7 cells. (a) AR expression in RAW 264.7 cells. Effects of phentola-
mine, propranolol, metoprolol, or ICI 118,551 on TNFα expression in cells treated with LPS with or 
without (b) Ad, (c) Nad, and (d) DA. (e) Cells were also treated with LPS with or without metara-
mine, isoproterenol, dobutamine, or fenoterol. Data from qPCR analyses are expressed as means ± 
SE (n = 3). ** p < 0.01, and *** p < 0.001 vs. without any treatment; # p < 0.05, ## p < 0.01 and ### p < 
0.001 vs. with LPS treatment. For the immunoblotting, one representative result from three inde-
pendent experiments is shown. GAPDH was used as a loading control. 

3.4. β2-AR Mediated the Inhibitory Effect of Ad on LPS-Induced TNFα Expression 
Compared to Con-siRNA transfection, β2-AR-siRNA transfection potently sup-

pressed β2-AR protein levels in RAW264.7 cells (Figure 4a). In Con-siRNA-transfected 
cells, LPS clearly induced TNFα expression, and this effect was suppressed by Ad (Figure 
4b). Although β2-AR-siRNA did not affect LPS-induced TNFα expression on its own, it 
clearly reduced the inhibitory effect of Ad (Figure 4b). 

Figure 3. Cont.



Curr. Issues Mol. Biol. 2024, 46 11342

Curr. Issues Mol. Biol. 2024, 46, FOR PEER REVIEW 7 
 

 

 
Figure 3. Roles of the β2 adrenergic receptor (β2-AR) in the effects of Ad, Nad, and DA on TNFα 
expression in LPS-treated RAW264.7 cells. (a) AR expression in RAW 264.7 cells. Effects of phentola-
mine, propranolol, metoprolol, or ICI 118,551 on TNFα expression in cells treated with LPS with or 
without (b) Ad, (c) Nad, and (d) DA. (e) Cells were also treated with LPS with or without metara-
mine, isoproterenol, dobutamine, or fenoterol. Data from qPCR analyses are expressed as means ± 
SE (n = 3). ** p < 0.01, and *** p < 0.001 vs. without any treatment; # p < 0.05, ## p < 0.01 and ### p < 
0.001 vs. with LPS treatment. For the immunoblotting, one representative result from three inde-
pendent experiments is shown. GAPDH was used as a loading control. 

3.4. β2-AR Mediated the Inhibitory Effect of Ad on LPS-Induced TNFα Expression 
Compared to Con-siRNA transfection, β2-AR-siRNA transfection potently sup-

pressed β2-AR protein levels in RAW264.7 cells (Figure 4a). In Con-siRNA-transfected 
cells, LPS clearly induced TNFα expression, and this effect was suppressed by Ad (Figure 
4b). Although β2-AR-siRNA did not affect LPS-induced TNFα expression on its own, it 
clearly reduced the inhibitory effect of Ad (Figure 4b). 

Figure 3. Roles of the β2 adrenergic receptor (β2-AR) in the effects of Ad, Nad, and DA on TNFα
expression in LPS-treated RAW264.7 cells. (a) AR expression in RAW 264.7 cells. Effects of phento-
lamine, propranolol, metoprolol, or ICI 118,551 on TNFα expression in cells treated with LPS with or
without (b) Ad, (c) Nad, and (d) DA. (e) Cells were also treated with LPS with or without metaramine,
isoproterenol, dobutamine, or fenoterol. Data from qPCR analyses are expressed as means ± SE
(n = 3). ** p < 0.01, and *** p < 0.001 vs. without any treatment; # p < 0.05, ## p < 0.01 and ### p < 0.001
vs. with LPS treatment. For the immunoblotting, one representative result from three independent
experiments is shown. GAPDH was used as a loading control.

3.4. β2-AR Mediated the Inhibitory Effect of Ad on LPS-Induced TNFα Expression

Compared to Con-siRNA transfection, β2-AR-siRNA transfection potently suppressed
β2-AR protein levels in RAW264.7 cells (Figure 4a). In Con-siRNA-transfected cells, LPS
clearly induced TNFα expression, and this effect was suppressed by Ad (Figure 4b). Al-
though β2-AR-siRNA did not affect LPS-induced TNFα expression on its own, it clearly
reduced the inhibitory effect of Ad (Figure 4b).

In contrast to transfection with pcDNA, transfection with pcDNA-β2-AR elicited a
clear transient increase in β2-AR expression (Figure 4c). In pcDNA-transfected cells, Ad
potently suppressed LPS-induced TNFα expression (Figure 4d). Compared to pcDNA
transfection, pcDNA-β2-AR transfection slightly suppressed LPS-induced TNFα expres-
sion, enhancing the inhibitory effect of Ad (Figure 4d). These results further confirmed that
β2-AR is involved in SNS-mediated suppression of LPS-induced inflammatory response
in macrophages.
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Figure 4. Effects of β2-AR knockdown or overexpression on the expression of TNFα in LPS-treated
RAW264.7 cells treated with Ad. Cells were transfected with the specific siRNA targeting β2-AR (β2-
AR-siRNA) and control siRNA (Con-siRNA), and plasmid overexpressing β2-AR (pcDNA-β2-AR)
and its control (pcDNA), respectively. (a,c) β2-AR expression was then examined via immunoblotting.
(b,d) Transfected cells were treated with LPS with or without Ad for 2 h, and TNFα protein levels
were determined (upper panel). One representative result from three independent experiments is
shown. GAPDH was used as a loading control. The band density was quantitatively analyzed using
ImageJ software. The results (lower panel in (b,d)) are expressed as mean ± SE (n = 3). *** p < 0.001;
# p < 0.05 and ### p < 0.001; ††† p < 0.001.

3.5. β2-AR Regulated TLR4 Receptor Expression by Stimulating PKA Phosphorylation

Compared to Con-siRNA transfection, β2-AR-siRNA transfection obviously enhanced
TLR4 expression in RAW264.7 cells (Figure 5a). Meanwhile, pcDNA-β2-AR transfection
potently suppressed TLR4 expression (Figure 5b,d). While transfection with pcDNA-β2-AR
did not affect PKA protein level, it clearly enhanced PKA phosphorylation (p-PKA), which
was further increased by Ad treatment. Whereas H89 not only obviously suppressed
PKA phosphorylation but also impeded the Ad-induced PKA phosphorylation (Figure 5c).
Compared to cells transfected with pcDNA, in which Ad clearly downregulated TLR4, Ad
exhibited a stronger inhibitory effect on TLR4 expression in pcDNA-β2-AR-transfected
cells (Figure 5d). Meanwhile, H89 not only enhanced TLR4 expression but also attenuated
the suppressive effect of Ad (Figure 5d). These findings indicated that activation of β2-AR
could downregulate the expression of TLR4 by stimulating PKA phosphorylation.
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RAW264.7 cells. (a,b) Cells were transfected as described above, and TLR4 protein levels were
assessed. After transfection with pcDNA or pcDNA-β2-AR for 8 h, H89 was added and incubated for
10 h. Ad was then added and incubated for 2 h. PKA, p-PKA, and TLR4 protein levels were detected
(upper panel in (c,d)). One representative result from three independent experiments is shown.
GAPDH was used as a loading control. Band density was quantitatively analyzed using ImageJ
software, and the results (lower panel) are expressed as means ± SE (n = 3). * p < 0.05, ** p < 0.01,
and *** p < 0.001; # p < 0.05; † p < 0.05.

4. Discussion

Inflammation is the key response driven by the immune system and may be acti-
vated by various factors, such as pathogens, harmful substances, and irradiation [27]. It is
well-established that a controlled inflammatory response is conducive to broad-spectrum
protection against infection. In contrast, chronic and uncontrolled inflammatory responses
often cause severe tissue damage, culminating in multi-organ failure with high mortality
rates [3]. Immune regulation is thus critical, with the ANS emerging as a modulator of im-
mune responses through the release of sympathetic and parasympathetic neurotransmitters
and neuropeptides [28,29].

In the present study, we demonstrated that LPS induces an inflammatory response
in RAW264.7 cells, which is mediated by catecholamines. Our findings are consistent
with those of previous studies, which demonstrated that catecholamines could decrease
LPS-induced cytokine production in vitro and in vivo [30,31]. In patients with sepsis
and septic shock, Nad and Ad (in severe cases) are routinely administered as potent
vasopressors for the treatment of hypotension and concomitant organ hypoperfusion [28].
Similarly, our results suggest that the administration of catecholamines in emergency
situations not only stabilizes circulatory dynamics but also suppresses the inflammatory
response. Expression of α7nAChR in RAW264.7 cells has been reported previously [13].
However, treatment with ACh did not affect LPS-induced TNFα expression in our study.
This finding suggested that the SNS may regulate LPS-induced inflammation through
neurotransmitter release and signaling via cognate receptors in macrophages. Martelli
et al. also reported that the SNS can regulate inflammation in LPS-challenged rats [32]. In
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addition, previous studies indicated that activated macrophages and RAW264.7 cells can
produce catecholamines [33,34]. Moreover, plasma catecholamines levels can increase up to
20-fold (2–8 × 10−8 M) during severe stress and sepsis in animal models [35]. Thus, these
responses may be potentially involved in the anti-inflammatory effects of the SNS.

Next, we investigated the receptors through which catecholamines regulate LPS-
induced TNFα expression. Our results indicated that β2-AR, but not α- or β1-AR, is
implicated in the anti-inflammatory effect of catecholamines. These findings are consistent
with those of previous studies showing that β2-AR activation suppresses the LPS-induced
inflammatory response [36,37]. β2-ARs exist in airway smooth muscles, cardiac muscles,
uterine muscles, alveolar type II cells, vascular endothelium, and immune cells [38]. Nu-
merous studies reported a cardioprotective role for β2-AR activation in heart failure, which
attenuates the positive inotropic effects of β1-AR stimulation and activates cardioprotective
signaling pathways [39,40]. Taken together, these results suggest that activation of β2-AR
not only suppresses inflammatory responses but also has potential protective effects on
cardiomyocytes. Although the α2-AR agonist dexmedetomidine was recently reported
to have an anti-inflammatory property and alleviate pulmonary edema in LPS-induced
acute lung injury in rats and alveolar epithelial cell injury in A549 cells [41], we did not
observe any anti-inflammatory effects of metaraminol in our study. Thus, future studies
should explore the roles of other adrenergic receptor subtypes, such as α2-AR, in the anti-
inflammatory effects of catecholamines using different inflammatory models. In addition,
compared to Nad and DA, Ad elicited a stronger anti-inflammatory effect, which may
be due to its higher affinity for β2-AR. Therefore, we employed Ad as a representative
catecholamine to investigate the effect of β2-AR activation on LPS-induced inflammation.
We found that knockdown or overexpression of β2-AR affected the suppressive effect of
Ad. Thus, these results further confirmed that catecholamines exert their anti-inflammatory
effects through β2-AR activation in macrophages.

TLR4 plays a central role in the occurrence and development of various inflammatory
diseases [14]. It binds to LPS and triggers downstream inflammatory cascades, potentially
leading to the excessive release of inflammatory factors [42]. Previous studies have shown
that TLR4 silencing could effectively suppress LPS-induced inflammatory responses [43].
Thus, TLR4 represents a potential therapeutic target for various inflammatory diseases.
However, the relationship between catecholamines and TLR4 expression remains unclear.
Therefore, we investigated whether catecholamines regulate TLR4 expression through
β2-AR activation in RAW264.7 cells. Our results showed that β2-AR activation could
negatively regulate TLR4 expression. We then investigated the underlying mechanism
through which β2-AR regulates TLR4 expression. Previous studies have reported that
β2-AR exhibits an anti-inflammatory effect by phosphorylating PKA [44]. Therefore,
we investigated the effect of PKA phosphorylation on TLR4 expression. Our results
showed that activation of β2-AR stimulated PKA phosphorylation, which consequently
downregulated TLR4 expression. These findings indicate that PKA may be a key mediator
of the anti-inflammatory effect of catecholamines. Our observations are consistent with
a previous report which found that immune complexes could reduce TLR4 expression
via activation of the cAMP/PKA pathway, thereby inhibiting TNFα and IL-6 expression
in macrophages [45]. In addition, it has been reported that TLR4 is also involved in
the development of chronic inflammation [14]. Taken together, these results suggest
that β2-AR activation may play an important role in regulating chronic inflammatory
responses through suppressing TLR4 expression and contribute to the treatment of chronic
inflammatory diseases. Nevertheless, these effects should be confirmed in future studies.
Although we uncovered a novel mechanism underlying the anti-inflammatory effects of
ANS, a limitation of this study is that this mechanism was demonstrated only in RAW264.7
cells. Therefore, further studies using peritoneal or tissue macrophages, and animal models
are required to validate our results.

In summary, we demonstrated that catecholamines suppress LPS-induced TLR4-
driven inflammation in macrophages through the activation of β2-AR. Further, we propose
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a novel mechanism whereby β2-AR activation negatively regulates TLR4 by stimulating
PKA phosphorylation to ultimately suppress the production of inflammatory factors. Our
results suggest that SNS could regulate the inflammatory response, at least in part, via β2-
AR/PKA-mediated TLR4 downregulation in macrophages. These findings provide novel
insights into the regulatory function of the ANS during inflammatory responses, which
are of great relevance for the treatment of inflammatory diseases and anti-inflammatory
drug development.
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