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Cardiovascular diseases (CVDs) constitute a spectrum of disorders affecting the heart
and blood vessels, which include coronary heart disease, cerebrovascular disease, and
peripheral artery disease [1]. The major underlying cause of CVD is atherosclerosis, which
can be exacerbated by risk factors including hypertension, hypercholesterolemia, and
diabetes [2].

Despite significant advancements in our understanding of disease pathogenesis and
the availability of numerous therapeutic drugs [3], the burden of CVD continues to in-
crease globally [4]. CVDs remain the leading cause of death worldwide, responsible for
17.9 million deaths each year [1]. This suggests that our understanding of CVD pathogen-
esis remains limited and incomplete. Indeed, a growing body of evidence indicates the
significant involvement of the sympathetic nervous system in CVD pathogenesis [5], a
notion that has been largely overlooked until recently.

This Special Issue aims to assemble the latest perspectives and research findings to
illuminate the role of altered sympathetic nerve activity (SNA) in CVD pathogenesis. It
comprises five review articles and six original research articles, collectively emphasizing
the significance of SNA in the pathogenesis of various CVDs, including hypertension,
atherosclerosis, heart failure, peripheral artery disease, diabetic wound healing, and chronic
pain-associated CVDs.

Review 1, titled “Sympathetic Nerve Activity and Blood Pressure Response to Exercise
in Peripheral Artery Disease: From Molecular Mechanisms, Human Studies, to Intervention
Strategy Development”, explored the abnormal SNA-mediated blood pressure response
during exercise in peripheral artery disease. This study elucidates the molecular mecha-
nisms underlying such abnormal responses and intervention strategies to improve them,
thus enhancing tolerance and performance during exercise in patients with peripheral
artery disease.

Review 2, titled “Stellate Ganglia and Cardiac Sympathetic Overactivation in Heart
Failure”, delved into cardiac sympathetic remodeling in stellate ganglia in heart failure.
It elucidates potential underlying mechanisms and emphasizes the therapeutic potential
of targeting cardiac sympathetic remodeling against malignant cardiac arrhythmias in
heart failure.

Review 3, titled “Sympathetic System in Wound Healing: Multistage Control in
Normal and Diabetic Skin”, explored sympathetic regulation and signaling pathways in
normal and diabetic wound healing. The review highlights the potential utility of β2-
adrenoceptor blockers and nicotinic acetylcholine receptor activators in treating diabetic
ulcers with neuropathy.

Review 4, titled “Leptin Increases: Physiological Roles in the Control of Sympathetic
Nerve Activity, Energy Balance, and the Hypothalamic–Pituitary–Thyroid Axis”, explored
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the role of leptin in regulating sympathetic nerve activity and energy balance. It also
discussed obesity-induced inflammation and its impact on leptin’s actions during obesity.

Review 5, titled “Chronic Pain-Associated Cardiovascular Disease: The Role of Sympa-
thetic Nerve Activity”, explored the link between sympathetic nervous system dysfunction
and chronic pain, highlighting its contribution to CVD in chronic pain settings.

The original research articles delve into various aspects related to SNA and its impact
on cardiovascular health.

Original Research 1, titled “Aerobic Exercise Prevents Arterial Stiffness and Attenu-
ates Hyperexcitation of Sympathetic Nerves in Perivascular Adipose Tissue of Mice after
Transverse Aortic Constriction”, investigated the effect of exercise on arterial stiffness and
the potential role of sympathetic nerves within perivascular adipose tissue using the pres-
sure overload-induced heart failure model in mice. This study found that regular aerobic
exercise prevented arterial stiffness during heart failure, and sympathetic innervation and
adiponectin within PVAT played a role in this process.

Original Research 2, titled “Asprosin in the Paraventricular Nucleus Induces Sym-
pathetic Activation and Pressor Responses via cAMP-Dependent ROS Production”, in-
vestigated the roles and underlying mechanisms of asprosin (an adipokine involved
in metabolism) in the paraventricular nucleus in regulating sympathetic outflow and
blood pressure. The study found that asprosin in the PVN increased sympathetic out-
flow, blood pressure, and heart rate via NADPH oxidase activation and subsequent
superoxide production.

Original Research 3, titled “Relative Contribution of Blood Pressure and Renal Sym-
pathetic Nerve Activity to Proximal Tubular Sodium Reabsorption via NHE3 Activity”,
investigated the effects of blood pressure and renal SNA on renal salt and water balance.
This study found that an acute increase in blood pressure and renal SNA inhibited hydrogen
exchanger 3 (NHE3) activity, thus leading to salt and water excretion.

Original Research 4, titled “Acute Severe Heart Failure Reduces Heart Rate Variability:
An Experimental Study in a Porcine Model”, investigated the effect of experimental acute
heart failure on heart rate variability. This study found that acute severe cardiac failure,
induced by global myocardial hypoxia, was associated with a significant reduction in heart
rate variability.

Original Research 5, titled “The Effect of Renal Denervation on T Cells in Patients with
Resistant Hypertension”, investigated the effect of Renal Denervation on T-cell signatures
in Resistant Hypertension. This study found that patients with resistant hypertension had
higher levels of certain types of T cells in the blood, and the extent of the decrease in blood
pressure by renal denervation was associated with T cell frequencies at baseline. Therefore,
a detailed analysis of T cells might be useful in selecting patients for renal denervation.

Original Research 6, titled “Moxonidine Increases Uptake of Oxidised Low-Density
Lipoprotein in Cultured Vascular Smooth Muscle Cells and Inhibits Atherosclerosis in
Apolipoprotein E-Deficient Mice”, investigated the effect of the sympatholytic drug mox-
onidine on atherosclerosis. This study found that moxonidine inhibited atherosclerosis in
apolipoprotein E-deficient mice.

Overall, this Special Issue provides a comprehensive overview of the diverse effects
of SNA on CVD, from hypertension and atherosclerosis [6] to peripheral artery disease
and heart failure [7]. The insights derived from these reviews and original research studies
enhance our understanding of the importance of the sympathetic nervous system in CVD
pathogenesis and will facilitate the development of new therapies to treat CVDs.

Author Contributions: Y.W. prepared the manuscript. Y.W. and K.M.D. revised the manuscript. All
authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: Sympathetic nerve activity (SNA) regulates the contraction of vascular smooth muscle and
leads to a change in arterial blood pressure (BP). It was observed that SNA, vascular contractility,
and BP are heightened in patients with peripheral artery disease (PAD) during exercise. The exer-
cise pressor reflex (EPR), a neural mechanism responsible for BP response to activation of muscle
afferent nerve, is a determinant of the exaggerated exercise-induced BP rise in PAD. Based on recent
results obtained from a series of studies in PAD patients and a rat model of PAD, this review will
shed light on SNA-driven BP response and the underlying mechanisms by which receptors and
molecular mediators in muscle afferent nerves mediate the abnormalities in autonomic activities of
PAD. Intervention strategies, particularly non-pharmacological strategies, improving the deleterious
exercise-induced SNA and BP in PAD, and enhancing tolerance and performance during exercise
will also be discussed.

Keywords: sympathetic nerve activity; arterial blood pressure; peripheral artery disease; static
exercise; muscle afferent nerve; heat treatment

1. Introduction

Peripheral artery disease (PAD) is a common and disabling cardiovascular disease
that affects over 200 million worldwide and ~20% of Americans over age 60 [1–4]. Patients
with PAD are at a high risk of myocardial infarctions, cerebral vascular accidents, and
all-cause mortality with a death rate like that in patients with coronary or cerebral vascular
disease [5–7]. The atherosclerotic alternation in the affected vessel results in progressive
narrowing of the lower extremity conduit vasculature and eventually leads to severe limb
ischemia. As one of the consequences of limb ischemia, the syndrome of “intermittent
claudication” in PAD patients which is characterized by pain in the lower limbs that
occurs with walking and is relieved by rest limits their tolerance and performance in daily
physical activities.

Compared with the major advances seen in the management of other cardiovascular
diseases such as coronary artery disease and systolic heart failure, therapeutic options other
than surgery for PAD remain extremely limited [8]. Several pharmacological interventions
have been evaluated for use in patients with claudication symptoms, but efficacy has
only been reported for cilostazol and anti-platelet agents [9,10]. In fact, exercise training
(advice to walk more often) is commonly recommended for PAD patients. It has been
supported by studies [11–13] that supervised treadmill exercise is effective in attenuating
pain perception and improving the exercise performance of PAD patients. However, the
implementation of exercise into the daily lives of PAD patients is met with significant
challenges. During exercise, sympathetic nerve activity (SNA) and blood pressure (BP)
responses are amplified in PAD patients [14–17], which is associated with a higher risk and
incidence of cardiovascular events [18,19].

Int. J. Mol. Sci. 2022, 23, 10622. https://doi.org/10.3390/ijms231810622 https://www.mdpi.com/journal/ijms
4



Int. J. Mol. Sci. 2022, 23, 10622

In this regard, experimental animal models are necessary for studying the underlying
molecular mechanisms leading to the exaggerated SNA and BP responses in the patholog-
ical conditions of PAD; human clinical studies in both the healthy population and PAD
patients are essential to examine the clinical conditions and validate the results of the
mechanism studies with approved medications. More importantly, by incorporating the
animal study and human study, intervention studies on the treatment targets are vital to
develop strategies aiming to be effective and low-cost and to attenuate the above adverse
conditions in PAD patients.

2. Sympathetic Nerves and BP Regulation during Exercise in PAD
2.1. Exercise Pressor Reflex (EPR)

During the muscle movements of exercise, the sympathetic nervous activity (SNA)
increases, resulting in increased arterial BP and heart rate (HR), myocardial contractility,
and peripheral vasoconstriction [20,21]. Two mechanisms: central command and exercise
pressor reflex (EPR) [21–26] are considered involved in this regulatory process. Specifically,
“Central Command” [27] is initiated by a volitional signal emanating from central motor
units and then induces the enhancement of SNA; and the “Exercise Pressor Reflex” [26,28]
originates from the signal inputs from the afferents of the contracting skeletal muscle and
then induces a subsequent autonomic reflex. For the specific types of signal input, the EPR
responds to metabolic stimulation (i.e., “metaboreceptor” stimulation in Group IV afferents)
and mechanical deformation (i.e., “mechanoreceptor stimulation” in Group III afferents)
in the muscle afferents receptive field [29]. Thin fiber muscle afferent nerves are engaged
following the stimulation of the receptors during the exercise, therefore inducing the
activation of cardiovascular nuclei in the brainstem [28]. Figure 1 illustrates the activation
of the EPR and its neural pathways.

Figure 1. Diagram indicates the potential signaling pathways leading to the exaggerated EPR in IR
rats via enhancing acidic metabolites, ATP, and proinflammatory cytokines (PICs) in skeletal muscle
and thereby stimulating ASIC3 and P2X3 receptors in muscle sensory nerves. This proposal will
examine the integrated signals in both skeletal muscle and primary sensory neurons involved in the
EPR of rats with femoral artery occlusion followed by reperfusion. ASIC3: acid-sensing ion channel
3; P2X3: purinergic P2X subtype 3; HIF-1α: hypoxia-induced factor-1α; ROS: reactive oxygen species;
IL-1β: interleukin-1β; TNF-α: tumor necrosis factor-α.
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2.2. EPR in PAD Patients

In PAD patients, the pressor response to walking is significantly greater than that in
healthy control subjects [14–17]. Human studies further indicate that the responses in BP,
renal vasoconstriction, and total peripheral resistance (TPR) during plantar flexion exercise
are accentuated in PAD [30,31]. In these studies, the increase in BP occurred before the
subjects reported pain. Thus, it is believed that an exaggerated EPR is a major determinant
of why BP rises with exercise in PAD [32]. The muscle SNA (MSNA) increases in PAD
occurred early and were much greater than those at the same exercise time/workload in
matched healthy control subjects [33]. Figure 2 shows increased MSNA in PAD patients. It
is believed that an exaggerated MSNA response contributes to the accentuated TPR and BP
responses to leg exercise in PAD patients and any mechanisms for intervention/therapy
decreasing the MSNA response to exercise would alleviate the exaggerated EPR in PAD.

Figure 2. MSNA during plantar flexion with incremental loading (2 kg, +1 kg/min) in a PAD patient.
The exercise was ended after min 5 due to the tolerance level of this patient. In the matched healthy
control subject, increases in MSNA and BP occurred after min 7 with a 9 kg workload. (Abstract
presented at EB 2021; unpublished figure).

3. Experimental Models to Study the Pathological Status in Human PAD
3.1. Blood Flow Restriction (BFR) and Ischemia-Reperfusion (IR) in Healthy Subject

Other than involving PAD patients, there are two popularized experimental models to
simulate PAD, namely BFR and IR, in healthy humans. They provide low-risk and feasible
ways to mimic the pathological status (e.g., ischemia and ischemia-reperfusion) in PAD.

BFR: Regarding the pathophysiology of PAD, the consequences of limb ischemia have
been emphasized [34–38]. It is known that the EPR is amplified as oxygen delivery to
skeletal muscle is reduced [39]. Acute flow limitation during exercise also raises BP in a
canine hindlimb occlusion model [40]. In humans, BFR is achieved by placing a pressure
cuff proximal to the working muscle and inflating it to achieve a pressure-limiting flow to
the muscles. BFR has been used for augmenting the peripheral adaptations to resistance
training [41–46]. Importantly, a recent report [47] and data showed that the BP response
to exercise is accentuated under BFR conditions, even when the blood flow is not fully
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occluded. Thus, there is technical and ethical feasibility of using the BFR model in healthy
humans to simulate the flow limitation in PAD.

IR: The IR injury is a main feature of various cardiovascular diseases, including myocar-
dial infarction, stroke, and PAD [48,49]. Figure 3 illustrates the potential effect of IR on the
metabolic milieu in the skeletal muscle tissue. The tissue damage associated with ischemic
events occurs due to a combination of ischemia and paradoxical reperfusion following the
restoration of blood flow to ischemic tissue, commonly referred to as IR injury. Following
ischemia, the muscles may be salvaged by reperfusion. However, the re-introduction
of oxygen to hypoxic muscles can also lead to damage by oxygen-derived free radicals.
In PAD patients, IR injury was observed after limb revascularization [50,51]. Moreover,
walking in PAD patients can induce ischemia (indicated with pain), while reperfusion can
occur after stopping walking. Thus, intermittent claudication has been linked to ischemia
followed by reperfusion leading to repeated IR injuries in their daily life [35,48,49,52].

Figure 3. A diagram illustrates the potential effects of IR on muscle metabolic milieu in the hindlimb.
We will study integration of the signaling pathways between skeletal muscle metabolites and primary
muscle sensory neurons in regulation of the exercise pressor reflex in IR rats. ROS: reactive oxygen
species; PIC: proinflammatory cytokine. Dark arrow indicates “increase” and light arrow indicates
“alleviate”. Note that the diagram is simplified to show the mechanisms more related to our proposed
studies, but not all the molecular mediators responsible for IR are shown.

Prior studies [53–55] have employed a 20-min period of ischemia followed by a 20-min
period of reperfusion (i.e., 20–20 min) to induce IR stress in a limb of healthy subjects to
examine the effects of IR stress on vascular function [56,57]. This model has been used
to simulate the IR stress in PAD and examine the effects of IR on the EPR. In our prior
study [58], subjects performed fatiguing handgrip exercise before and ~20 min after a
20-min period of muscle ischemia (i.e., the limb circulation was totally occluded) in the
control trial. The results showed that the MSNA responses to handgrip were accentuated
after the 20-min period of muscle ischemia. Thus, the IR stress in healthy subjects and PAD
patients with leg revascularization can be used to examine the role played by the IR in
regulating the EPR.

3.2. Animal Models of Studying Human PAD

By effectively restricting and eliminating the blood flow in the affected limbs, the
animal model of PAD proves an essential tool for studying the underlying molecular
mechanism under the ischemic-related etiological and pathological conditions in PAD
patients. In a recent review of the literature, we summarized the features of representative
animal models of PAD [59]. Based on different feasibilities and approaches, the experi-
mental animal options are rodents (e.g., mice, rats, and rabbits) and large animals such as
swine. Methods of inducing blood flow restriction and elimination include single/double
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occlusion with or without blocking the branches in the femoral artery [60–65], ultra-sound
assisted endovascular occlusion [66,67], and chemical-induced thrombus ischemia [68],
etc. In the following sections, we will focus on discussing two animal models that mimic
the blood flow restriction and ischemia-reperfusion status in human PAD: femoral artery
occlusion/ligation and hindlimb ischemia-reperfusion.

3.2.1. Femoral Artery Occlusion/Ligation

Femoral artery occlusion in rats has been widely used to study human PAD [69]
as it mimics one of the critical characteristics seen in PAD patients, namely intermittent
claudication manifested by insufficient blood flow to the legs during exercise or slightly
decreased blood flow to the legs under resting conditions. Notably, 24 h or 72 h femoral
occlusion exaggerates BP response to muscle contraction (Figure 4 and muscle metabolites
(e.g., acidic products and ATP) in the occluded limb (Figure 1), but not in the opposing
control limb of the same rats [70,71]. Meanwhile, it has also been reported that the BP
response during exercise is still exaggerated ~1 month and ~2 months after the femoral
artery occlusion [72]. These findings parallel those reported in humans, showing that
the BP response to walking is enhanced in PAD and the BP response during the exercise
with the “diseased” limb is greater than that during the exercise with the “non-diseased”
limb [16]. Therefore, it is indicated that a rat model of the femoral artery ligation is suitable
for studying exercise-induced ischemia that occurs in PAD. Moreover, PAD in human
subjects is not solely a disease of large vessel obstruction, but it is a disease of large vessel
obstruction in the setting of a chronic disease process (atherosclerosis) that is influenced
by oxidative stress and inflammation [73]. Femoral artery occlusion increases products of
oxidative stress in the hindlimb muscles of rats and activates inflammatory signals (i.e.,
IL-6 and TNF-α) [74–76] as shown in Figure 1. This also makes the femoral occlusion model
reflective of human conditions.

Figure 4. Mean arterial pressure (AP) response to static muscle contraction (30 s) induced by electrical
stimulation of the L4&5 ventral roots in controls rat and PAD rats. (A) Typical recordings of arterial
pressure (AP) response to static muscle contraction in control and PAD rats. (B,C) A greater MAP
response was seen in PAD rats than in control rats, without different muscle tension between two
groups * p < 0.05 between control and PAD.
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3.2.2. Hindlimb Ischemia-Reperfusion

The hindlimb IR is induced by femoral artery ligation, followed by re-opening the
ligation and is used to study PAD. To date, little is known about the engagement of a
reperfusion component of IR injury in the pathophysiological processes of BP response
in PAD. In the previous studies with forelimb IR models with mice, 18 h of blood flow
reperfusion following 6 h of ischemia lowered the pain threshold of the affected limbs and
increased the BP response during the dynamic global exercise. Meanwhile, the mRNA
levels of primary sensory receptors (e.g., acid-sensing ion channel 3, ASIC3 and purinergic
P2X3, P2X3) and the receptors for cytokines (e.g., interlukin-1β receptor, IL-1 βr) in the
DRG were also increased [77]. With further development of the hindlimb IR model, we
characterized a rat model of IR, showing that BP response to muscle contraction in different
time courses following IR (e.g., 18, 66, and 114 h) were exaggerated. Notably, the increment
of BP response 18 h following reperfusion was the most profound. It should also be
noted that the BP response to muscle contraction was evaluated in decerebrated animals,
which excluded the effect of central command. Further underlying mechanism studies
with this IR model have shown that the intra-arterial injection of lactic acid (activator of
ASIC3 receptor) and α,β me-ATP (activator of P2X3 receptor) were amplified in rats (IR18h)
who experienced 6 h of femoral artery ligation followed by 18 h of reperfusion [78]. The
increasing levels in BP response were similar in IR18h rats and rats with 24 h of femoral
artery occlusion (24 h-occlusion rats). Moreover, the protein levels of ASIC3 and P2X3
expression in dorsal root ganglion (DRG) were increased to a similar degree in IR18h rats
and 24 h-occlusion rats. These data suggest that reperfusion following 6 h ischemia is likely
a factor leading to the remaining exaggeration of the BP response in IR rats and it is rational
to utilize a rat model of IR18h for studying IR injury in PAD.

4. Molecular Mechanisms Leading to Exaggerated SNA and BP Responses in PAD
4.1. Effects of Muscle Metabolic Products and Their Responsive Receptors (Figures 5 and 6)

Using this PAD rat model with femoral artery ligation/occlusion, the previous studies
have demonstrated that the SNA and pressor responses to muscle contraction and stimu-
lation of muscle metabolite receptors i.e., acid-sensing ion channel 3 (ASIC3), purinergic
P2X (subtype P2X3), transient receptor potential vanilloid 1 and ankyrin 1 (TRPV1 and
TRPA1) are amplified in PAD rats as compared with control rats [71,79–83]. In addition,
other receptors in muscle afferent nerves including µ-opioid/δ-opioid, bradykinin (BK)
B2, prostaglandin (PGE2) EP4, and thromboxane (TP) receptors are engaged in the reflex
responses in processing chronic ischemia of the hindlimb muscles [71,84–87].

In addition to the previous works on the roles of ASICs, TRPV1, and P2X receptors [70],
we will focus on the updated research of ASIC3 and the interaction effect of ASIC3 and
P2X3 on muscle sensory nerves in mediating the exaggerated sympathetic response in
hindlimb muscle ischemia seen in PAD patients. Those receptors to be studied are expressed
at both the peripheral terminals and the cell body of the sensory afferent neurons-DRG.
With greater feasibility, receptor activity of DRG cell bodies has been used frequently as a
surrogate for the nerve-ending receptor activity and physiology [88,89]. In particular, the
whole cell patch-clamp methods are used to characterize the precise mechanisms by which
those receptors mediate responses in the DRG neurons [88,89].
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Figure 5. (A) The dual immunofluorescence method showing co-existence of ASIC3 and peripherin
staining in DRG neurons. Arrows indicate representative cells positive for both ASIC3 and peripherin
after they were merged. Scale bar = 50 µm. Peripherin was used to label C-fiber of DRG neurons.
(B) Bands and averaged data (mean ± SD) showing that IR increased the protein levels of ASIC3 in
DRGs. ** p < 0.01 between control and IR 18h rats. (C) Original traces of patch clamp showing that the
amplitudes of ASIC current (elicited by pH 6.7 solution) in were largely decreased after application
of ASIC3 antagonist rAPETx2 (1 µM).
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Figure 6. Effect of ASIC3 KO on BP response and DRG currents to activation of P2X3. (A,B): Two
doses of αβ-me ATP were given intra-arterially into the hindlimb muscles to stimulate P2X3 in
muscle afferents; and activation of P2X3 receptors amplified MAP response to a greater degree in WT
rats with femoral occlusion, but not in ASIC3 KO rats. (C,D) Patch-clamp method shows averaged
amplitude of P2X3 currents in Dil-labelled DRG neurons of WT rats and ASIC3 KO rats. (C): transient
and (D): sustained P2X3 currents. An amount of 10 µM of αβ-me ATP was applied to induce current
response. * p < 0.05 between control and occlusion in WT rats, but no significant difference in current
response was seen between control and occlusion in ASIC3 KO rats. Data presented as mean ± SD.

4.1.1. ASIC3 KO Suppresses the Exercise Pressor Response under Ischemic Situation

ASICs are members of a family of amiloride-sensitive sodium channels and are con-
sidered as molecular sensors in afferent neurons [90–93]. They are almost ubiquitous in the
mammalian nervous system and are activated as pH drops below 7.0. Among six different
proteins of ASICs (ASIC1a, 1b, 2a, 2b, 3, and 4), encoded by four genes (ASIC1, 2, 3, and 4),
the ASIC3 protein, however, is mostly found in DRG where it forms functional channels
that are responsive to proton concentration fluctuation [90–93]. The pH range required
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to activate ASIC3 is approximately 6.5–7.0 [94,95], which is close to what is observed in
exercising muscle and/or moderately ischemic tissues [96–99].

Prior to utilizing the genetic approach of ASIC3 knockout, several studies were per-
formed to assess the role played by ASIC3 in evoking the exercise pressor reflex in PAD
by comparing with sham control rats on the protein expression currents [82] of ASIC3
in DRG [81], and the blood pressure responses before and after the application of phar-
macological blockades (e.g., amiloride and APETx2) [100]. ASIC3 knockout provides a
powerful tool to validate the role of ASIC3 on the exercise pressor reflex in PAD as it not
only blocks the function of this receptor but also induces a significant reduction of the
protein expression.

In the ASIC3 KO rats, the peak mean arterial pressure (MAP) and the blood pressure
index (BPI) following the static muscle contraction were similar to the wide type (WT) rats
when the blood flow was freely perfused. However, under the ischemia conditions induced
by femoral artery occlusion, the peak MAP and BPI were significantly lower in ASIC3
KO rats than in the WT rats. This effect was not seen in the EPR response induced by the
passive tendon stretch. Researchers also injected the solutions of diprotonated phosphate
(86 mM; pH 6.0), lactic acid (12 mM; pH 2.85), and capsaicin (0.2 µg; pH 7.2) to evoke the
EPR response. Compared with the WT rats, the EPR response induced by diprotonated
phosphate and lactic acid was significantly attenuated in ASIC3 KO rats. Interestingly,
the EPR response induced by capsaicin (0.2 µg; pH 7.2) was also attenuated. However,
blocking the ASIC3 in ligated WT rats by APETx2 did not suppress this capsaicin induced
EPR response. This suggests there may be a special interaction or coupling effect between
ASIC3 and TRPV1 receptors during the activation of TRPV1.

4.1.2. ASIC3 KO Attenuates the Exercise Pressor Response and the Activities of P2X3 under
Ischemic Situation

Apart from the potential interaction between ASIC3 and TRPV1, it has been reported
that there is a functional interaction between ASIC3 and P2X3 receptors [93,101]. In a
published work, we used ASIC3 KO rats to examine the underlying mechanisms by which
ASIC3 receptors affect P2X3 functions in regulating the EPR following femoral artery
occlusion. Figure 6 shows that compared with wild-type (WT), ASIC3 KO attenuated
the exaggeration of the BP response to injections of α,β-me ATP, a P2X3 agonist, into the
arterial blood supply of the hindlimb muscles of occluded rats. This result is consistent
with the notion suggested by our previous work that blocking ASIC3 signaling pathways
can attenuate amplification of the BP response to stimulation of P2X3 receptors under the
acidic milieu of the hindlimb muscles [102].

We further determined if ASIC3 KO attenuates P2X3 currents in DRG neurons inner-
vating ischemic muscles. Figure 6 shows that muscle DRG neurons from both WT rats
and ASIC3 KO rats exhibited the typical transient and sustained current responses with
activation of P2X3 receptors by applying α,β-me ATP. The data further show that femoral
artery occlusion augmented the amplitude of P2X3 currents in response to α,β-me ATP
in muscle DRG neurons of WT rats, but this effect appeared to be less in ASIC3 KO rats.
This result further supports the notion that inhibition of ASIC3 has a regulatory role in
P2X3 function, and this is likely to be involved in causing the exaggerated EPR in PAD rats
following femoral artery occlusion.

4.2. Other Ischemia-Induced Products

In addition to ASIC3, TRPV1, and P2X3, it must be pointed out that other muscle
afferents’ receptors, including µ-opioid and thromboxane (TP) receptors, etc., are engaged
in processing chronic ischemia of the hindlimb muscles [84,85]. In addition, studies showed
that bradykinin B2 and peripheral δ-opioid receptors contribute to the exaggerated exercise
pressor reflex via a mechanically sensitive group III muscle afferents in rats with femoral
artery occlusion [87,103]. Blocking PGE2 EP4 also attenuates the augmented BP response
to static exercise observed in PAD rats [86]. Meanwhile, the role of nerve growth factor
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(NGF) in regulating the metabolic receptors in the ischemia-muscles of PAD has been
extensively discussed in one of the previous reviews [104], highlighting its elevation under
the ischemia condition and upregulating the protein expression and function of ASIC3,
P2X3, and TRPV1 in the DRG neurons. In this review, we will focus on extending our
discussion on the role of hypoxia-inducible factor 1α (HIF-1α) and the reactive oxygen
species (ROS).

4.2.1. HIF-1α

HIF-1 is a heterodimeric protein composed of constitutively expressed HIF-1α and
HIF-1β subunits [105]. In the two subunits, oxygen-sensitive HIF-1α accumulates rapidly
under hypoxic conditions and modulates the expression of several target genes in protecting
tissues against ischemia and infarction [106–109]. HIF-1α is considered a transcription
factor that mediates adaptive responses to hypoxia and ischemia [106–109]. Thus, we
have examined if arterial occlusion increases the levels of HIF-1α in sensory neurons and
if engagement of HIF-1α is responsible for the enhancement in the reflex cardiovascular
responses induced by activation of muscle afferent nerves [110].

The first insight we gained in this previous study by using western blot analysis
showed that HIF-1α protein expression is significantly increased in DRG neurons 6–72 h
after femoral artery ligation as compared with non-ligated controls [110]. This result
suggests that femoral occlusion induces HIF-1α response in sensory nerves. In addition,
DMOG, an inhibitor of prolyl hydroxylase, has been shown to stabilize or increase HIF-1α
protein and enhance the expression of downstream target genes [111,112]. It was reported
that inhibition of endogenous HIF inactivation by DMOG induces angiogenesis in the
ischemic skeletal muscles of mice [112]. In this previous study, we further examined
the expression of HIF-1α protein in DRG neurons induced by intramuscular injection
of DMOG [110]. HIF-1α protein expression was significantly increased in lumbar DRG
neurons 24 hrs after injection of DMOG into the hindlimb muscles as compared with sham
controls. In this prior report, we also examined the effects of femoral occlusion on the
reflex cardiovascular responses evoked by activation of muscle afferent nerves [110]. Our
data have shown that 24 h of femoral artery occlusion significantly increased arterial BP
response induced by static muscle contraction. To determine if HIF-1α has a potential effect
on the exercise pressor reflex, we injected DMOG into the hindlimb muscles. Then, BP and
HR responses induced by static muscle contraction were examined 24 hrs after DMOG
injection. Our results showed that there were no significant differences in increases of the
reflex MAP and HR responses after DMOG as compared with controls [110].

In contrast, BAY87, a synthesized compound with characteristics of highly potent and
specific suppressive effects on expression and activity of HIF-1α, was given into the arterial
blood supply of the ischemic hindlimb muscles three hours before the exercise pressor
reflex was evoked by static muscle contraction. First, arterial injection of BAY87 inhibited
expression of HIF-1α in the DRG of occluded limbs three hours following its injection.
Second, muscle contraction evoked a greater increase in BP in occluded rats and BAY87
attenuated the enhanced BP response in occluded rats to a greater degree than in control
rats. Taken together, these data suggest that inhibition of HIF-1α alleviates exaggeration of
the exercise pressor reflex in rats under ischemic circumstances of the hindlimbs in PAD
induced by femoral artery occlusion; however, an increase in HIF-1α of DRG neurons per
se may not alter the muscle pressor reflex.

Nonetheless, it should be noted that the time courses are very similar in increased
HIF-1α expression, and elevated NGF and amplitude of DRG response to stimulation of
ASIC3, P2X3, and TRPV1receptors after ischemic insult induced by the femoral artery
occlusion [83,113–115]. This similarity may indicate that there is a close relationship be-
tween NGF and HIF-1α responses in the DRG neurons in the processing of muscle ischemia.
Interestingly, published work shows that increasing HIF-1α or inhibiting HIF-1α prolyl
hydroxylases can attenuate NGF deprivation-induced effects on neurons, suggesting that
HIF-1α plays a regulatory role in affecting effects of NGF [116–118]. Therefore, we postu-
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late that HIF-1α likely contributes to the effects of NGF on augmented muscle metabolic
responses in the DRG neurons after arterial occlusion.

4.2.2. Reactive Oxidative Species

Notably, a number of studies suggest that reactive oxidative species (ROS) contribute
to the regulation of discharges of vagal lung thin afferent fiber nerves [119,120]. Addition-
ally, it has been reported that an increase in muscle NADPH oxidase-derived ROS sensitizes
the exercise pressor reflex in a decerebrate rat model [121]. Likewise, a decrease in ROS can
attenuate the reflex [121]. Thus, it is speculated that ROS is engaged in augmented SNA and
BP response during activation of the exercise pressor reflex in rats with femoral occlusion.
Superoxide dismutases (SOD), are a class of enzymes that catalyze the dismutation of
superoxide into oxygen and hydrogen peroxide as considered an important antioxidant.
In a published work, tempol, a mimic of SOD, was arterially injected into the hindlimb
muscles of rats and results demonstrated that tempol attenuates BP response evoked by
contraction of occluded hindlimb muscles, but the attenuation was not seen when contrac-
tion was induced in freely perfused control legs [122]. A following study suggested that
effects of tempol on the BP response during contraction are via ATP-dependent potassium
channels [123]. However, a prior study suggested that ROS plays an important role in
regulating discharges of vagal lung thin afferent fiber nerves via engagement of TRPV1
and P2X receptors [119,120]. In those experiments, the reflex pulmonary chemical response
induced by a ROS stimulant hydrogen peroxide was attenuated by the prior application of
i-RTX (TRPV1 antagonist) and PPADS (P2X antagonist) [119,120]. Thus, it is likely that ROS
can alter the response of sensory nerves with activation of TRPV1 and P2X. Nevertheless,
the augmented exercise pressor reflex is significantly attenuated after tempol is given to
compensate SOD in occluded muscles of rats [122].

In addition, ROS activates the transient receptor potential channel A1 (TRPA1) [124–126].
TPRA1 is a member of branch A of the transient receptor potential (TRP) family of nonselective
cation channels and expressed in the sensory (nerves) neurons and is involved in acute and
inflammatory pain [124,127–132]. A published work has demonstrated that intra-arterial
injection of AITC, a TRPA1 agonist, into the hindlimb muscle circulation of healthy rats led to
increases in SNA and BP via a reflex mechanism [133]. Additionally, this study has suggested
that TRPA1 plays a role in regulating the exercise pressor reflex and acid phosphate, bradykinin,
and arachidonic acid, which are accumulated in exercising muscles are likely engaged in the
role played by TRPA1 as endogenous stimuli. Interestingly, it was observed that femoral artery
occlusion (1) upregulates the protein levels of TRPA1 in DRG tissues; (2) selectively increases
expression of TRPA1 in DRG neurons supplying metabolically sensitive afferent nerves of
C-fiber (group IV); (3) enhances renal SNA and BP responses to AITC (a TRPA1 agonist)
injected into the hindlimb muscles, and (4) blocks TRPA1 attenuates SNA and BP responses
during muscle contraction to a greater degree in ligated rats than those responses in control rats.
Overall, the results of these studies indicate that alternations in muscle afferent nerves’ TRPA1
likely contribute to the enhanced sympathetic and BP responses via the metabolic component
of the muscle reflex under circumstances of chronic muscle ischemia in PAD, and the effects of
oxidative stress are also likely associated with expression and activities of TRPA1 in sensory
nerves of PAD.

4.2.3. Endothelin-1 (ET-1)

ET-1 is originally characterized as an endothelium-derived peptide which majorly
functions as constricting factor in the vasculature [134,135]. It affects several tissues includ-
ing the smooth muscle and the nervous system [136]. During inflammatory conditions,
ET-1 has been found to be associated with an inflammatory response involving the ex-
pression of proinflammatory cytokines including TNF-α, IL-1 and IL-6 [137]. Meanwhile,
ROS stimulates the production of ET-1 in both in vivo and in vitro situations [138,139]. In
PAD patients, it has been reported that the ET-1 was elevated in the plasma [140,141]. In
an animal model of PAD, the ET-1 concentration was also elevated in the gastrocnemius
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muscle [142]. Of note, ET-1 is an important vasoconstrictor for the restraint of blood flow
in active skeletal muscle and the maintenance of arterial BP during exercise [143]. The
underlying mechanism of the ET-1 on EPR response in PAD patients has not yet been fully
investigated. However, a number of previous studies of the peripheral nerve establish a
fundamental rationale for further mechanism and intervention studies on the ET-1-related
cellular and molecular pathways during evoking the EPR response in PAD.

In the peripheral nervous system, two subtypes of ET-1 receptors,
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4.3. Pro-Inflammation Cytokines and Ion Channels in Muscle Sensory Neurons (Figures 7 and 8)
4.3.1. TNF-α and Activities of Nav Channels in Muscle DRG Neurons

The augmented exercise pressor reflex might be due in part to inflammation, specifi-
cally pro-inflammatory cytokines (PICs) associated with PAD. Numerous cells (i.e., leuko-
cytes, myocytes, microglia, astrocytes, and Schwann cells) produce and release PICs [153],
which include interleukins, lymphokines, and cell signaling molecules. In particular, the
roles of tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β)
are significant in regulating immune and inflammatory reactions. These PICs modulate
the activities of many cell types in various diseases. For example, during diseased states,
PICs help to recruit cells to inflammatory sites, stimulating cell survival, division, and
enhancing proliferation and differentiation [154]. Evidence indicates that PICs are involved
in regulating physiological functions, with their levels increasing in the circulation and in
the affected tissues [153,155,156]. Increased circulating and intramuscular levels of PICs
(such as IL-6 and TNF-α) were also found in coronary and/or atherosclerotic vascular
disorders such as PAD [157–159].

It was first observed that the levels of TNF-α and protein expression of TNF-α receptor
type 1 (TNFR1) were increased in the DRG of the hindlimbs of PAD rats. Note that
TNF-α was observed within DRG neurons of C-fiber afferent nerves. Capsaicin (TRPV1
agonist) and AITC (TRPA1 agonist) were injected into the arterial blood supply of the
hindlimbs to stimulate metabolically sensitive thin-fiber muscle afferents. The effects of
these injections on the SNA and pressor responses were attenuated in PAD rats after TNF-α
synthesis suppressor pentoxifylline (PTX) was previously administered into the hindlimb
with femoral artery occlusion. These data suggest that TNF-α plays a role in modulating
exaggerated SNA via the metabolic component of the exercise pressor reflex in PAD.
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Figure 7. Passive stretch during post-exercise circulatory occlusion evoked MSNA and BP increases
in normothermic conditions. These responses were attenuated under heat stress conditions. (Unpub-
lished figure).

Tetrodotoxin (TTX)-resistant Na+ (i.e., NaV1.8) channels are highly expressed in group
IV afferents [160]. The role played by NaV1.8 in evoking the exercise pressor reflex was
examined using whole animal preparations. A803467, a NaV1.8 blocker, attenuates the
pressor response evoked by arterial injection of lactic acid and capsaicin stimulating thin
fiber afferents [161]. There is a linkage between TNF-α and the activity of Na+ current
in sensory nerves [162]. A prior study demonstrated the role of TNF-α in enhancing the
current densities of Nav1.8 in DRG neurons [163]. In an additional work, the role played
by TNF-α in regulating the activity of NaV1.8 currents in muscle DRG neurons of PAD rats
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was specifically examined. Results showed that peak amplitude of TTX-resistant (TTX-R)
Nav and NaV1.8 currents in muscle DRG neurons were increased in PAD rats. Meanwhile,
the amplification of TTX-R and NaV1.8 currents induced by TNF-α was attenuated in
DRG neurons with pre-incubation with respective inhibitors of the intracellular signaling
pathwaysp38-MAPK, JNK, and ERK. It was concluded that NaV1.8 is engaged in the role
of TNF-α in amplifying muscle afferent inputs as the hindlimb muscles are ischemic in
PAD. The pathways of p38-MAPK, JNK, and ERK are likely necessary to mediate the effects
of TNF-α.

Figure 8. Tcore and Tm, MAP response and muscle tension in control rats (left panels) and PAD
rats (right panels). (A): Baseline Tm was lower in PAD rats and Tcore was not altered during heat
treatment. (B): MAP response to contraction was increased in PAD rats and amplification of pressor
response was attenuated after heat treatment. * p < 0.05 vs. control rats; and ** p < 0.05 vs. control
group without heat treatment. (C): No difference in muscle tension among groups (p > 0.05).
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4.3.2. IL-6 and Activities of Kv4 Channels in Muscle DRG Neurons

Increased circulating and intramuscular levels of interleukin-6 (IL-6) are detected in
PAD patients [164,165]. The activity of exercise induces a greater increase in the levels of
IL-6 of the mixed venous blood in PAD patients than those levels in healthy age-matched
subjects [166,167]. Consistently, during the exercise ischemic insult also enhances the
circulating IL-6 levels compared with non-ischemic exercise [168].

Seventy-two hours of femoral artery occlusion increases products of oxidative stress
in the hindlimb muscles of rats and activates inflammatory signaling pathways [74–76].
IL-6 also plays a role in regulating the exaggerated BP response to static exercise in PAD
rats [169] likely via membrane-bound IL-6R or gp130 trans-signaling pathways assembled
by soluble forms of IL-6R [163,170,171]. Thus, it was anticipated that the activity of IL-6
signaling would be increased in muscle afferent nerves involving the exercise pressor reflex
in PAD rats.

We found that the protein levels of IL-6 and its receptor IL-6R expression were in-
creased in the DRGs of PAD rats with 72 h of femoral artery occlusion. Inhibition of muscle
afferents’ IL-6 trans-signaling pathway (gp130) by intra-arterial administration of SC144,
a gp130 inhibitor, into the hindlimb muscles of PAD rats alleviated BP to static muscle
contraction. On the other hand, it was found that PAD decreased amplitude of Kv4 currents
in rat muscle DRG neurons. The homo IL-6/IL-6Rα fusion protein (H. IL-6/6Rα) but not
IL-6 alone significantly inhibited Kv4 currents in muscle DRG neurons; the effect of H.
IL-6/6Rα was largely reverted by SC144. Consistent with the previous findings, these data
suggest that via trans-signaling pathway upregulated IL-6 in muscle afferent nerves by
ischemic hindlimb muscles inhibits the activity of Kv4 channels and therefore likely leads
to adjustments of the exercise pressor reflex in PAD.

5. Heat Treatment and Nutrition Intervention on Improving Exercise-Induced
Exaggerated SNA and BP Responses in PAD

Supervised exercise intervention is one of the most effective means of maintaining
or restoring the exercise tolerance of PAD patients [12,172]. However, as above mentions,
the challenge exists in the adherence to exercise training programs due to the symptom
of intermittent claudication, which is partly attributed to the exaggerated EPR response.
Therefore, in this review, we discuss three other non-pharmacological interventions that
may be helpful to ameliorate the hyper-amplified EPR response in PAD patients. With
the introduction of those promising economic strategies, we are aiming to incorporate
them into the well-established exercise training protocols to enhance the adherence to
exercise training, improve the efficacy of the intervention protocols, and benefit the overall
well-being of PAD patients.

5.1. Heat Treatment (Figures 7 and 8)

In recent years, heat treatment has been obtaining significant attention in terms of its
beneficial effect on cardiovascular patients including PAD. In a rat model of PAD, the heat
treatment protocol of increasing the muscle temperature (Tm) by 1.5 ◦C (30 min period each
heating protocol, 2 times/day for 3 days) attenuated ET-1 in both red and white portions of
gastrocnemius muscle in PAD [142]. It has been reported that repeated heating exposure
suppressed the production of plasma ET-1 in human participants with symptomatic PAD
in both rest [173] and post-exercise situations [174]. Meanwhile, heating exposure increases
the contraction force of the ischemia-induced damaged skeletal muscle [175]. In a mice
obesity model, the heating exposure also decreased the percentage of fat and increase the
ratio of muscle mass to body mass even if capillary density and collateral supply diameter
was unchanged [176].

In terms of the blood flow dynamic response, heat exposure increases skin blood flow
(SkBF), heart rate, cardiac output [177], ejection fraction, and systolic function in healthy
individuals [178,179] and heart failure patients [180,181]. Based on these observations, ther-
mal therapy has been suggested for patients with heart diseases [180–184]. Moreover, it has
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been shown that heat treatment (e.g., dry sauna) may improve chronic endothelial function
in patients with heart diseases or in those with atherosclerotic risk factors [183,185–187]. A
recent report also shows that hot water immersion raised the blood flow in lower limbs
of PAD patients [188]. It should be noted that these prior studies [188–190] only focused
on the effects of heating on blood flow and vascular function in PAD. The effects of heat
exposure on EPR in PAD have not been examined.

Thus, the effects of heating on EPR were studied in PAD patients and PAD rats induced
by femoral artery occlusion. First, to determine how whole-body heating alters muscle
mechanoreflex and metaboreflex responses, we measured MSNA in healthy subjects during
fatiguing isometric handgrip exercise, PECO, and passive muscle stretch (extension of
wrist, EOW) during PECO. The protocol was performed under both normothermic and
whole-body heating (∆Tcore ~0.6 ◦C via a heating suit) conditions. Under normothermic
conditions, passive stretches during PECO evoked significant increases in mean arterial
pressure (MAP) and MSNA. However, during heating, passive stretch did not significantly
increase MSNA or MAP (Figure 7). These data show that sympathetic response to the
mechanoreceptor stimulation [191] is attenuated by heat exposure when body temperature
is elevated [192]. The attenuated MSNA response to stretch during heating should not be a
“ceiling effect” because there was no significant difference in the MSNA burst incidence
during stretches between thermal conditions.

Although there was no difference in MSNA response to PECO (i.e., non-specific
metaboreceptor stimulation), the MAP response to PECO during heating was much less
(by ~50%) than in normothermic conditions. Thus, the EPR (i.e., pressor response) is
attenuated during heating. It is speculated that the BP response to sympathetic activation
is also attenuated during heating [193]. It is known that MSNA response to metaboreceptor
stimulation is attenuated in heart failure [194]. On the other hand, it is unclear if the MSNA
response to metaboreceptor stimulation is altered in PAD. Therefore, it is necessary to
examine both MSNA and BP responses to exercise in PAD.

A prior study [195] demonstrated that local heating of an isometric exercising forearm
muscle group augmented the increase in MSNA during fatiguing exercise. They speculated
that the elevated Tm might sensitize muscle mechanosensitive afferents. It should be noted
that in those studies, local heating increased forearm Tm from ~34 to 39 ◦C [195–197]. Our
pilot study shows that whole-body heating only raised forearm Tm of ~1.5 ◦C. Thus, the
fewer increases in the Tm in our studies are likely to lead to the different effects on the
muscle afferents at the receptor level, necessitating the study engagement of P2X in the
EPR after heat exposure.

Group III and IV respond to changes in Tm [198,199]. In animals, we have shown that
a higher Tm response is linked to a lower BP response and elevated Tm attenuates the
P2X receptor-mediated reflex activation of muscle mechano- and metabo-receptors [200].
We have shown that arterial injection of α,β-me ATP into the hindlimb muscles evoked
a dose-dependent response, and the peak pressor response evoked by α,β-me ATP was
attenuated as Tm was increased by heat exposure. Additionally, α,β me ATP amplified the
reflex BP response evoked by stretch and the effect was blunted with heat exposure.

The effects of heat exposure on EPR in PAD have not been well understood. Due to
limb ischemia, the lower limb temperature is lower and revascularization therapy raised the
limb temperature [201]. In addition, a decrease in the Tm induces a decelerated rate of ATP
turnover [202], which likely leads to an elevation of ATP concentration in the extracellular
space. It is, therefore, speculated that the lower Tm may contribute to the accentuated
EPR in PAD. In turn, a suitable rise in Tm may attenuate the sympathetic response and
decrease the exaggerated BP response to exercise in PAD. To obtain the same degree of Tm
increase in animal models, the temperature in rat hindlimb muscle was monitored and
increased by 1.5 ◦C (30 min period each heating protocol, two times/day for three days)
and then BP response to static muscle contraction was examined (Figure 8). These data
demonstrated that a raise in muscle temperature attenuated the exaggerated BP response
to muscle contraction. This study further showed that a protocol with increasing muscle
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temperature by 1.5 ◦C decreased expression and current response of P2X3 in DRG neurons
of PAD rats, suggesting P2X3 signaling is a part of the mechanisms leading to inhibition
of BP response. Based on those published results in humans and animals, it is speculated
that heat exposure and/or heat treatment would be beneficial to attenuate the sympathetic
response and decrease the exaggerated BP response in PAD.

The effect of a short period heating intervention on relieving the symptoms of
intermittent claudication is also intriguing to study. In one of the previous studies,
the one-time acute effect on the EPR response in PAD was evaluated. The muscle
temperature was increased by 1.5 ◦C and the length was 5 min. The EPR response
induced by both static muscle contraction and α,β-Me-ATP injection was evaluated
20 min before, immediately after, and 20 min after the heat exposure. The results of this
study were interesting as the static muscle contraction induced EPR was attenuated
following the heat exposure, and the EPR response attenuation was recovered 20 min
after the muscle temperature returned to the baseline. However, the α,β-Me-ATP-
induced EPR response did not alter with heat exposure. This suggested the attenuation
of static-muscle-contraction-induced EPR response following one-time heat exposure
may not work through alternating the expression and function of P2X3 receptors.
Instead, it may work through the alternation of the ATP metabolism enzyme activity,
e.g., ATPase, which will be one of the further directions of the mechanism study on this
topic. As intermittent claudication frequently occurs and interrupts the daily physical
movement of the patients, this study provides a fundamental basis for the daily base
intervention strategy for the PAD patients.

5.2. Effects of Supplemental Nutrients
5.2.1. Vitamin B6

A diet deficient in vitamin B6 leads to a decreased activity of cystathionine β-synthase
and cystathionase in the liver. Dietary supplementation of vitamin B6 stimulates the activity
of these enzymes and increases the endogenous synthesis of cysteine from methionine.
In hypertensive animals and humans, increased production of cysteine would lead to
more efficient excretion of excess metabolic aldehydes, normalizing vascular calcium
channels and lowering blood pressure [203]. A regression study has also shown that
an increase in the daily intake of vitamin B6 by one standard deviation (approximately
0.5 mg per day) would reduce the risk of PAD by 29% [204]. More importantly, once
consumed vitamin B6 will be converted into a P2-purinoceptor antagonist called pyridoxal-
5-phosphate (PLP) [205]. In animal studies, the intraperitoneal injection of the vitamin B
complex (B1/B6/B12 = 100/100/2 mg/kg) attenuated the expression of P2X3 in DRG of
diabetic rats [206]. By locally infusing the vitamin B6 into human participants’ forearms,
previous studies [207] suggested that the MSNA responses to fatiguing handgrip, post-
exercise circulatory occlusion (PECO), and PECO + passive stretch were all significantly
less than those before pyridoxine. The blood pressure responses were also significantly less
than those before vitamin B6 infusion.

5.2.2. Vitamin C

Low levels of Vitamin C supplementation (assessed by dietary intake or plasma
analysis) are associated with multiple conditions, including high blood pressure (BP),
endothelial dysfunction, heart disease, atherosclerosis, and stroke [208]. For the mechanism
work on the Vitamin C supplementation on blood pressure regulation, the information
is lacking in terms of the efficacy of Vitamin C supplementation on the ERP response in
cardiovascular patients, especially in PAD, and the IR injury of PAD patients following
the revascularization surgery. A previously performed human study [17], investigated the
efficacy of Vitamin C intravenous infusion in attenuating oxidative stress and therefore the
subsequent EPR responses in PAD patients. In this study, the Vitamin C infusion elicited a
lower MAP response to low-intensity rhythmic plantar flexion in the affected legs of PAD
patients than that in the condition without Vitamin C infusion.
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6. Conclusions

Studies using a rat model of femoral artery occlusion show that sympathetic re-
sponses of the exercise pressor reflex engagement are exaggerated as observed in PAD
patients. As summarized in Figure 1, findings of the completed studies suggest that
enhanced protein levels of ASIC3, P2X3, and TRPV1 in muscle afferent nerves and
amplified responses of those receptors contribute to the exaggerated reflexive sympa-
thetic and pressor responses to their individual receptor stimulus. The findings further
suggest that NGF is likely responsible for enhanced ASIC3, P2X3, and TRPV1 and plays
a role in modulating the metaboreceptor component of the exercise pressor reflex in
hindlimb muscle ischemia. Lactic acid, ATP, and acid phosphate are the major muscle
by-products in exercising muscles and ASIC3, P2X3, and TRPV1 receptors are sensitive
to those individual metabolites and/or combined metabolites. Overall data presented
here provide evidence that alteration in chemically sensitive receptors ASIC3, P2X3, and
TRPV1 in primary afferent neurons innervating ischemic muscles plays an important
role in the development of the exaggerated reflexive sympathetic responses, likely
leading to worsening exercise capacity in patients with PAD. Moreover, NGF in sen-
sory nerves plays a role in regulating abnormal responses of those metabolic receptors.
Also, HIF-1α likely contributes to the effects of NGF on augmented muscle metabolic
responses in the DRG neurons after arterial occlusion. A study limitation needs to
be mentioned based on the fact that the studies included in this current review are
varied from factors such as sample size, gender ratio, and the choices of different animal
models as well as human populations. Therefore, additional studies are warranted to
verify and confirm the underlying mechanism and clinical results. More animal models
to exemplify different stages or pathological conditions of PAD are also necessary to
explore. In combination with the fundamental work performed by the previous studies,
those mechanistic foundations formed by studies in animal models will shed light on
the targets of the translational intervention studies to alleviate the adverse effects that
increase the cardiovascular event risk in PAD patients.
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Abstract: Heart failure (HF) is a major public health problem worldwide, especially coronary heart
disease (myocardial infarction)-induced HF with reduced ejection fraction (HFrEF), which accounts
for over 50% of all HF cases. An estimated 6 million American adults have HF. As a major feature
of HF, cardiac sympathetic overactivation triggers arrhythmias and sudden cardiac death, which
accounts for nearly 50–60% of mortality in HF patients. Regulation of cardiac sympathetic activation
is highly integrated by the regulatory circuitry at multiple levels, including afferent, central, and
efferent components of the sympathetic nervous system. Much evidence, from other investigators
and us, has confirmed the afferent and central neural mechanisms causing sympathoexcitation in
HF. The stellate ganglion is a peripheral sympathetic ganglion formed by the fusion of the 7th cervi-
cal and 1st thoracic sympathetic ganglion. As the efferent component of the sympathetic nervous
system, cardiac postganglionic sympathetic neurons located in stellate ganglia provide local neural
coordination independent of higher brain centers. Structural and functional impairments of cardiac
postganglionic sympathetic neurons can be involved in cardiac sympathetic overactivation in HF
because normally, many effects of the cardiac sympathetic nervous system on cardiac function are me-
diated via neurotransmitters (e.g., norepinephrine) released from cardiac postganglionic sympathetic
neurons innervating the heart. This review provides an overview of cardiac sympathetic remodeling
in stellate ganglia and potential mechanisms and the role of cardiac sympathetic remodeling in
cardiac sympathetic overactivation and arrhythmias in HF. Targeting cardiac sympathetic remodeling
in stellate ganglia could be a therapeutic strategy against malignant cardiac arrhythmias in HF.

Keywords: arrhythmia; autonomic nervous system; cardiac sympathetic activation; heart failure;
inflammation; stellate ganglion

1. Introduction

Heart failure (HF) is a major public health problem worldwide, presented by an in-
ability of the heart to provide metabolic demands and perfusion of organs/tissues and
characterized by symptoms and signs, including shortness of breath, fatigue, rapid to irreg-
ular heart rate, lung crepitations, elevated jugular venous pressure, and peripheral tissue
edema [1,2]. HF affects more than 26 million adults worldwide and an estimated 6 million
American adults have HF [2,3], in which coronary heart disease (myocardial infarction,
MI)-induced HF with reduced ejection fraction (HFrEF) accounts for about 50% of all HF
cases [4–7]. Considering the stable incidence of HF with an annual increase, the actual bur-
den of treatment and diagnosis in patients with HF has obviously exceeded the projected
burden in the United States and worldwide, especially accounting for other factors, includ-
ing an increased comorbidity burden and advancing age of the population [2,8,9]. Despite
advances in diagnosis and therapeutic management of HF, HF still has a high morbidity
and mortality rate. As a major feature of HF, cardiac sympathetic overactivation [10–14]
triggers malignant arrhythmias and sudden cardiac death [15–23], which accounts for
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nearly 50–60% of the mortality in HF patients [20,24–35]. The role of cardiac sympathetic
hyperactivation in HF is highlighted by the use of β-blockers and cardiac sympathetic
denervation as the key approach to the current therapy of HF [36–43]. However, such
pharmacological treatment may not be ideal because some studies have demonstrated that
β-blockers do not provide satisfactory protection against sudden cardiac death, and some
patients are either intolerant or refractory to this therapy [44–50]. Additionally, despite
being an alternative in managing refractory ventricular arrhythmias [38,43,51,52], cardiac
sympathetic denervation has adverse complications (including Horner’s syndrome, hy-
perhidrosis, paresthesia, and sympathetic fight/fight response loss) that severely limit the
use of procedures in HF patients [53,54]. These drawbacks have increased the focus on
exploring the mechanisms responsible for HF-increased cardiac sympathetic activation
and on identifying effective therapeutic interventions, which are crucial for improving
prognosis of HF and reducing its mortality.

The regulation of cardiac sympathetic activation is highly integrated by the regulatory
circuitry at multiple levels, including afferent, central, and efferent components of the
sympathetic nervous system [55,56]. Much evidence, from other investigators and us,
has confirmed the afferent and central neural mechanisms causing sympathoexcitation in
HF [57–67]. The stellate ganglion is a peripheral sympathetic ganglion formed by the fusion
of the 7th cervical and 1st thoracic sympathetic ganglion. As the efferent component of the
sympathetic nervous system, cardiac postganglionic sympathetic neurons located in stel-
late ganglia provide local neural coordination independent of higher brain centers [56,68].
These neurons innervate the heart to regulate cardiac function through neurotransmitters
(e.g., norepinephrine, NE) released from cardiac sympathetic nerve terminals [69]. Much
evidence from clinical studies and animal experiments has demonstrated that the remodel-
ing of cardiac postganglionic sympathetic neurons in stellate ganglia could contribute to
cardiac sympathetic overactivation and malignant ventricular arrhythmias in HF. In this
review, therefore, we discuss cardiac sympathetic remodeling in stellate ganglia and po-
tential mechanisms and the role of cardiac sympathetic remodeling in cardiac sympathetic
overactivation and arrhythmias in HF.

2. Anatomy and Physiology of Stellate Ganglia (Figure 1)

The sympathetic nervous system is one of the two divisions of the autonomic nervous
system, the other being the parasympathetic nervous system. The sympathetic nervous
system is composed of preganglionic and postganglionic neurons that are involved in
signal transmission to regulate a variety of functions in all peripheral organs/tissues. The
cardiac preganglionic sympathetic neurons originate in the intermediolateral column of the
spinal cord in the thoracic region with the somata located in the gray rami communicantes
bilaterally and symmetrically. Their axons are very short and pass through the white rami
communicantes to form the synapses with cardiac postganglionic sympathetic neurons
located in the lower cervical and upper thoracic paravertebral ganglia, releasing a neuro-
transmitter, acetylcholine, from cardiac preganglionic nerve terminals [70,71]. Usually, the
7th cervical and 1st thoracic paravertebral sympathetic ganglia fuse into stellate ganglia,
and the latter play a key role in a substantial amount of cardiac neurotransmission [71–73].
When acetylcholine released from cardiac preganglionic sympathetic nerve endings acti-
vates nicotinic acetylcholine receptors on cardiac postganglionic sympathetic neurons in
stellate ganglia, the longer cardiac postganglionic sympathetic nerve terminals innervated
the heart release some neurotransmitters (such as norepinephrine, neuropeptide Y, and
galanin) to regulate the functions of the heart through the activation of adrenergic receptors
and other peptide receptors [72,74].
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Figure 1. A schematic diagram illustrating the anatomy and physiology of stellate ganglia.
ACh: acetylcholine; β-AR: β-adrenergic receptor; IML: intermediolateral nucleus; nAChR: nicotinic
acetylcholine receptor; NE: norepinephrine; NPY: neuropeptide Y; Pre GSA: preganglionic sympa-
thetic axon; Post GSA: postganglionic sympathetic axon; Post GSN: postganglionic sympathetic
neuron; SG: stellate ganglion.

In the physiological condition, the sympathetic nervous system is responsible for
up/downregulating various homeostatic mechanisms in many organs/tissues, especially
mediating the fight-or-flight response in situations in which survival is threatened [75,76].
Norepinephrine, which is released from cardiac postganglionic sympathetic neurons in
stellate ganglia with their nerve terminals, binds with beta-adrenergic receptors to affect car-
diac electrophysiological and contractile functions, including heart rate, cardiac conduction,
and myocardial contraction, which finally regulates cardiac output to supply the whole
body with oxygenated blood and nutrients [14,75]. It is widely recognized that cardiac
postganglionic sympathetic nerve terminals innervate the sinoatrial node, atrioventricular
node, His bundle, and contractile myocardium [77]. However, the innervation of the heart
with cardiac postganglionic sympathetic neurons in the stellate ganglia presents lateral and
regional variations (such as anterior/posterior and left/right divisions of the heart) [78]. In
particular, there is an obvious variation and overlap in the innervation of the cardiac tissues
from the left and right stellate ganglia [78,79]. The sinoatrial node is primarily innervated
by cardiac postganglionic sympathetic nerve terminals from the right stellate ganglion [78].
The conduction system, including the sinoatrial node, atrioventricular node, and His bun-
dle, is more densely innervated than the contractile myocardium [80,81]. Compared to the
endocardium of the heart, there is a high density of postganglionic sympathetic innervation
on the epicardium of the heart [78,81]. The posterior surface of the heart is mostly inner-
vated by cardiac postganglionic sympathetic nerve terminals from the left stellate ganglion,
whereas the anterior surface of the heart is principally innervated by sympathetic nerve
terminals from the right stellate ganglion, measured by activation recovery internal (ARI)
shortening as a probe of functional innervation [78]. Additionally, it is possible that certain
areas of the heart are not innervated by cardiac postganglionic sympathetic nerve terminals
from both sides of the stellate ganglia.
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Although the amount of neurotransmitters, including norepinephrine, is primarily
determined by the intensity of the cardiac postganglionic sympathetic nerve activity, the
number of norepinephrine molecules that bind to cardiac adrenergic receptors and induce
biological effects on the heart is not only determined by the release of norepinephrine
from cardiac postganglionic sympathetic nerve terminals but also by its elimination from
the synaptic cleft [82]. Normally, more than 90% of the norepinephrine released into the
synaptic cleft is removed by the norepinephrine transporter (NET) [83]. NET (also named
the noradrenaline transporter, NAT), a 617 amino acid protein, comprises 12 transmem-
brane domains at cardiac postganglionic sympathetic nerve terminals [84]. As a member
of the sodium/chloride-dependent family of neurotransmitter transporters, NET can take
up norepinephrine from the interstitial space to sympathetic nerve terminals with the
stochiometric exchange of sodium and chloride against their electrochemical gradient [84].
Therefore, the expression and activity of NET are key factors affecting the level of nore-
pinephrine molecules binding with cardiac adrenergic receptors and maintenance of the
intrinsic myocardial electrophysiology and contractility.

In addition to cardiac postganglionic sympathetic neurons, satellite glial cells are also
located in stellate ganglia. Satellite glial cells exist ubiquitously in peripheral ganglia,
including sympathetic, parasympathetic, and sensory ganglia, which almost envelop
peripheral ganglionic neuronal cell somata [85]. Although astrocytes, a counterpart of
satellite glial cells in the central nervous system, have been widely studied, a few studies
reported the morphology and function of satellite glial cells in peripheral ganglia, including
stellate ganglia. Satellite glial cells are derived from the neural crest and have a relatively
small volume with a thinner sheath and flattened processes [86]. Normally, satellite glial
cells around a given neural cell body are in close contact with each other, which forms a
neuron–glial unit to almost separate the connection between neuronal cells [85–87]. The
distance between satellite glial cells and the membrane of peripheral ganglionic neuronal
cells is about 20 nm, which is similar to that of the synaptic cleft [85]. This close synapse-
like structural pattern could provide a structural basis for the neuron–satellite glial cell
interaction, although little is known about the function of satellite glial cells in peripheral
ganglia, especially stellate ganglia.

Although satellite glial cells are electrically non-excitable without voltage-gated
sodium and calcium channels, the inwardly rectifying potassium channels (Kir4.1) are
expressed in satellite glial cells [88]. Satellite glial cells also express gap junction channels
(such as connexin 43, Cx43) and purinergic 2 (P2) receptors (such as P2X and P2Y receptors)
on the cell membrane [85,86]. Modulation of Kir4.1 permeability and activation of Cx43
and P2 receptors might depolarize the membrane of satellite glial cells and increase the in-
tracellular calcium concentration to induce the release of excitatory mediators (such as ATP
and some cytokines) from these cells for further activation of adjacent neurons [85,87,89].
Additionally, the release of nerve growth factor (NGF) from satellite glial cells may be
involved in the maintenance and restoration of adjacent neurons [90]. Moreover, using
single-cell RNA sequencing, one recent study demonstrated that the mature satellite glial
cells in stellate ganglia are classed into five subpopulations of satellite glial cells with differ-
ent functions of the subclusters [91]. Therefore, satellite glial cells in stellate ganglia could
play an important role in the regulation of sympathetic neuronal function and maintenance
of these adjacent neurons.

3. Remodeling of Cardiac Postganglionic Sympathetic Neurons and Its Role in Cardiac
Sympathetic Overactivation, Malignant Arrhythmias, and Cardiac Sudden Death in HF

Although cardiac sympathetic remodeling can contribute to cardiac sympathetic
overactivation and has not been systematically explored during HF progression, scattered
information about HF-triggered cardiac sympathetic remodeling is demonstrated by most
previous studies, including our work. These include structural and functional changes in
cardiac postganglionic sympathetic cell somata and their nerve terminals.
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3.1. Structural Remodeling in Cardiac Postganglionic Sympathetic Neurons Located in
Stellate Ganglia

The majority of sympathetic nerves projecting to the heart originate in cardiac sym-
pathetic postganglionic neurons located in stellate ganglia. There are limited data on the
actual remodeling of cardiac sympathetic neuronal structures in stellate ganglia. One previ-
ous study demonstrated that stellate ganglionic nerve sprouting and density are elevated
at one to four weeks after coronary artery ligation-induced rabbit myocardial infarction,
which is mediated by nerve growth factor [92]. In a porcine chronic myocardial infarction
model (six weeks after left anterior coronary descending artery occlusion-induced myocar-
dial infarction), chronic myocardial infarction significantly increased the size of neuronal
somata in the left stellate ganglion [93]. Using growth-associated protein 43, synaptophysin,
and tyrosine hydroxylase as immunohistochemistry markers of synapses and sympathetic
neurons in stellate ganglia, Han et al. found that the synaptic density and size of sympa-
thetic neurons in the left stellate ganglion increased in dogs two months post-myocardial
infarction [94]. Tan et al. also reported that the sympathetic nerve density (immunore-
activity of tyrosine hydroxylase) in stellate ganglia was markedly increased in canines
12 weeks after premature ventricular contraction-induced cardiomyopathy [95]. Similarly,
Ajijola et al. demonstrated that the size of stellate ganglionic neurons increased with an
increase in the neuronal adrenergic phenotype and neuropeptide Y-positive neurons in
pigs at 6 weeks post left circumflex or right coronary artery occlusion-induced myocardial
infarction [96]. In humans with cardiomyopathy, the size of the stellate ganglionic neurons
is significantly increased without ganglionic fibrosis and changes in the neuronal density
(cell number/tissue area) and synaptic density [97]. Although these studies in myocardial
infarction-induced animal HF models and humans with cardiomyopathy are not totally
consistent and it is unclear how structural alterations of cardiac postganglionic sympathetic
neurons affect the progression and prognosis of HF, the morphological changes in these
neurons could be associated with increased stellate ganglionic nerve activities and further
related to cardiac sympathetic overactivation and malignant arrhythmias. Certainly, in-
vestigation of the structures of subcellular organelles (including nucleus, mitochondria,
lysosome, and secretory vesicles) by electron microscopy is necessary to explore the cellular
and molecular mechanisms underlying the structural remodeling of cardiac postganglionic
sympathetic neuronal somata in HF.

3.2. Functional Remodeling in Cardiac Postganglionic Sympathetic Neurons Located in
Stellate Ganglia

The function of neurons is to transmit electrical signals over long distances through
the generation of action potentials. The left stellate ganglionic nerve activity is increased
in ambulatory dogs with pacing- or coronary artery occlusion-induced HF [94,98]. Tu
et al. demonstrated that the cell excitability in cardiac postganglionic sympathetic neu-
rons located in stellate ganglia increases in coronary artery ligation-induced HF rats [99].
Although various types of ion channels (such as voltage-gated sodium, calcium, and
potassium channels) can contribute to the generation of action potentials in cardiac post-
ganglionic sympathetic neurons, voltage-gated calcium channels should be considered
as the mechanism governing the increased cell excitability of these sympathetic neurons
in HF because calcium influx through voltage-gated calcium channels is a key trigger for
the release of neurotransmitters from neuronal nerve terminals [100–102]. There are five
subtypes of voltage-gated calcium channels (T, L, N, P/Q, and R) functionally characterized
in central and peripheral neurons [103,104]. A pore-forming α-subunit in all subtypes of
calcium channels determines the biophysical and pharmacological properties of calcium
channels [105]. There are three major families of α-subunits: (1) Cav1 (Cav1.1, Cav1.2, and
Cav1.3) encodes L-type calcium channels; (2) Cav2 encodes P/Q (Cav2.1), N (Cav2.2), and R
(Cav2.3) types of calcium channels; and (3) Cav3 encodes T-type calcium channels [105,106].
In fact, Tu et al. reported that the L, N, P/Q, and R types of calcium channels are expressed
in cardiac postganglionic sympathetic neurons [99]. However, HF only increases N-type
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calcium currents and does not affect the mRNA and protein expression of all calcium chan-
nel subtypes in these sympathetic neurons [99]. Some previous studies demonstrated that
N-type calcium channels, predominantly expressed in the nervous system, play an impor-
tant role in modulating neurotransmitter release at sympathetic neve terminals [107,108].
More importantly, increased N-type calcium currents in cardiac postganglionic sympathetic
neurons contribute to the elevated cell excitability of these neurons, cardiac sympathetic
overactivation, and malignant arrhythmias in HF [109,110]. Until now, there has been
no report about the involvement of other ion channels in HF-increased cell excitability of
cardiac postganglionic sympathetic neurons.

3.3. Structural Remodeling in Cardiac Postganglionic Sympathetic Nerve Terminals

Cardiac sympathetic nerve terminals are directly embedded in the myocardium with
a heterogeneous distribution. Most previous studies reported the information about struc-
tural remodeling in cardiac postganglionic sympathetic nerve terminals during HF pro-
gression from acute myocardial infarction to chronic HF, with no consistent conclusion.
Acute myocardial infarction could result in sympathetic nerve terminal denervation in the
scar and viable myocardium beyond the infarcted area [111–113]. Then, the regeneration
of sympathetic nerve terminals in the heart has been characterized by nerve spouting
and a high density of nerve fibers in the periphery of the necrotic myocardium of failed
hearts [114–116]. Additionally, some previous studies also reported cardiac sympathetic
nerve terminal denervation in HF [117,118]. Regions of cardiac sympathetic nerve termi-
nal denervation and hyperinnervation are present in the same failed heart to form the
heterogeneity of the cardiac sympathetic nerve distribution [119,120]. Iodine-123 meta-
iodobenzylguanidine (123I-MIBG) or other radiolabeled neurotransmitter analogs (includ-
ing the recently used F-18 meta-fluorobenzylguanidine) and cardiac neurotransmission
imaging with single-photon emission computed tomography (SPECT) and positron emis-
sion tomography (PET) have been employed to noninvasively assess the integrity of human
NET and further evaluate cardiac sympathetic nerve innervation [121–123]. However,
poor imaging quality, difficulty in distinguishing different cardiac structures, and high
cost limit this technique’s application in animal studies, especially small animal studies.
Additionally, previous studies used immunohistochemical staining in several myocardial
slices to evaluate the structural remodeling of cardiac sympathetic nerve terminals, which
cannot represent the distribution of cardiac sympathetic nerve terminals in the whole heart
with a neglected heterogeneous distribution of nerve terminals. Although these structural
alterations of cardiac postganglionic sympathetic nerve terminals are considered to create
a high-yield substrate for malignant arrhythmias in HF [124], the conclusion from these
previous studies should be questioned. Using three-dimensional assessment of the cardiac
sympathetic network in cleared transparent murine hearts, one recent study demonstrated
both cardiac sympathetic nerve terminal hyperinnervation and denervation in the whole
heart at 2 weeks post myocardial infarction [125]. It is not clear whether the same phe-
nomenon (sympathetic nerve terminal hyperinnervation and denervation) is also present
in the whole heart with HF using three-dimensional assessment of the cardiac sympathetic
network. Therefore, the timing and patterns of the cardiac sympathetic nerve terminal
remodeling in HF should be re-evaluated in future studies. Indeed, structural remodeling
and norepinephrine release in cardiac postganglionic sympathetic nerve terminals in HF
should be combined to assess the association of cardiac sympathetic activation and malig-
nant arrhythmias because it is unclear whether reinnervated cardiac sympathetic nerve
terminals can release norepinephrine like mature sympathetic nerve terminals in the heart.

3.4. Functional Remodeling in Cardiac Postganglionic Sympathetic Nerve Terminals

The function of cardiac sympathetic nerve terminals is to release neurotransmitters,
including norepinephrine, which bind to adrenergic receptors to regulate cardiac function
in physiological and pathophysiological conditions. Cardiac norepinephrine spillover is
measured by calculating the amount of plasma norepinephrine entering the heart and
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the amount of norepinephrine exiting the heart. An elevation in cardiac norepinephrine
spillover occurs in HF [126–131], which primarily results from the increase in cardiac nore-
pinephrine synthesis and release, and the decrease in norepinephrine reuptake [84,132].
By 123I-MIBG with SPECT and PET images, some clinical studies measured the heart-to-
mediastinum (H/M) ratio and 123I-MIBG washout (WO) rate to demonstrate an increased
level of sympathetic neurotransmitter in HF [133–137]. Although the above studies indi-
rectly tested norepinephrine release and demonstrated that these measured scientific param-
eters are strong predictors of cardiac sympathetic overactivation, heart failure progression,
life-threatening arrhythmias, and cardiac sudden death in HF, there is limited information
available on the direct measurement of norepinephrine release from cardiac sympathetic
nerve terminals during HF progression. In vivo cardiac microdialysis with HPLC can
directly test norepinephrine release from cardiac sympathetic terminals [138–140], but it is
hard to obtain stable data of norepinephrine release due to the heterogeneous distribution
of cardiac sympathetic nerve terminals as described above. Zhang et al. recently reported
an electrochemistry recording, patch-clamp technique with a carbon fiber electrode for the
catecholamine release from adrenal chromaffin cells [141]. The development of this record-
ing in in vivo cardiac slices could be an innovative technique for the direct measurement of
norepinephrine release from cardiac sympathetic nerve terminals, which possibly avoids
the interference of the heterogeneous distribution of cardiac sympathetic nerve terminals
and also analyzes norepinephrine release kinetics (including the maximal amplitudes of
norepinephrine release and reuptake).

Cardiac sympathetic activation is dependent on two major components, namely cir-
culating catecholamines from the adrenal medulla and local norepinephrine release from
cardiac postganglionic sympathetic nerve terminals. Stellate ganglion stimulation, in-
cluding left, right, or bilateral stellate ganglion stimulation, produces distinct patterns
of cardiac myocyte repolarization in the normal porcine heart, evaluated by the analy-
sis of epicardial and endocardial electrograms, whereas marked dispersion of cardiac
myocyte repolarization does not occur when exogenous norepinephrine is infused (cir-
culating norepinephrine) [142]. From these data, it has been demonstrated that stellate-
ganglion-stimulated dispersion of cardiac myocyte repolarization is highly arrhythmogenic,
compared to the more uniform changes in cardiac myocyte repolarization triggered by
circulating norepinephrine [142,143]. As described above, cardiac sympathetic denervation,
a key approach to the current therapy of HF, highlights the role of cardiac sympathetic
remodeling in cardiac sympathetic overactivation, malignant arrhythmias, and cardiac sud-
den death in HF [38,42,43]. Using in vivo shRNA transfection into stellate ganglia, Zhang
et al. demonstrated that ion channel remodeling in cardiac postganglionic sympathetic neu-
rons is involved in cardiac sympathetic overactivation and ventricular arrhythmogenesis
in coronary artery ligation-induced HF [110].

Recent studies have reported that elevated neuropeptide Y and other sympathetic
co-transmitters released from cardiac sympathetic neurons act on neuropeptide Y or other
related receptors on the membrane of cardiac myocytes to cause the development of HF
and ventricular arrhythmias [144–148]. As a result, cardiac postganglionic sympathetic
remodeling, including alterations of the sympathetic co-neurotransmitter release (such as
norepinephrine, neuropeptide Y, and galanin), could be associated with cardiac sympathetic
overactivation, malignant arrhythmias, and cardiac sudden death in HF.

4. Mechanisms Underlying the Remodeling of Cardiac Postganglionic Sympathetic
Neurons in HF

The mechanisms responsible for the remodeling of cardiac postganglionic sympathetic
neurons in HF are not well understood and could be multifactorial. Additionally, cardiac
postganglionic sympathetic nerve terminals are embedded in the myocardium. Therefore,
the microenvironment surrounding cardiac postganglionic sympathetic nerve terminals
in the myocardium should be the key factor for the structural and functional remodel-
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ing of these nerve terminals, although the factors that modulate cardiac postganglionic
sympathetic cell somata might also affect their nerve terminals.

4.1. Mechanisms Associated with the Remodeling of Cardiac Postganglionic Sympathetic
Cell Somata

Nerve growth factor (NGF), a prototypical member of the neurotrophin family, is
normally involved in the maintenance, proliferation, and survival of neurons. The ac-
tion of NGF in targeted cells is initiated by its high-affinity binding to the tropomyosin
receptor kinase A (TrkA, also named neurotrophic tyrosine kinase receptor 1) receptors
in mature sympathetic neurons [149,150]. NGF is usually produced by sympathetic in-
nervated organ/tissues. A high level of NGF is present in stellate ganglia, in which NGF
is accumulated by retrograde axonal transport to affect the function of neurons [151,152].
The local production of NGF by satellite glial cells in stellate ganglia could be another
source because NGF mRNA is expressed in neurons and satellite glial cells from trigeminal
ganglia [90]. Although a high level of NGF is probably involved in the structural and
functional remodeling of cardiac postganglionic sympathetic cell somata, including an
increased cell size of sympathetic neurons, synaptic density, and neuronal excitability in
stellate ganglia in HF, further studies are needed to provide direct evidence.

As mentioned above, satellite glial cells exist ubiquitously in peripheral ganglia, includ-
ing sympathetic, parasympathetic, and sensory ganglia. In addition to the local production
of NGF by satellite glial cells in stellate ganglia, satellite glial cell–macrophage communica-
tion could be another mechanism responsible for the remodeling of cardiac postganglionic
sympathetic neurons in HF. One recent study demonstrated that acute or chronic intestinal
inflammation activates enteric glial cells to release macrophage colony-stimulating fac-
tor (M-CSF) through the connexin-43 hemichannel-cytosolic PKC-MAPK-cell membrane
TNFα-converting enzyme (TACE) signaling pathway [89]. M-CSF is a key factor for the
regulation of macrophage survival, proliferation, migration, and activation through binding
with M-CSF receptors on the macrophage membrane [153,154]. Chronic inflammation,
with activation of both cytokines and immune cells (such as macrophages), is a major
feature of HF [155–157]. Macrophages play a key role in mediating inflammatory responses
in the post-myocardial infarction heart [158,159]. Our recent study already found that
elevation of cytokines and macrophages in stellate ganglia is involved in cardiac sympa-
thetic overactivation and ventricular arrhythmogenesis in HF [160]. Growing evidence
suggests that inflammation-raised cytokines increase the expression and activation of
cyclin-dependent kinase 5 (CDK5, a proline-directed serine/threonine kinase) in some
tissues and cell lines [161–163]. CDK5 can phosphorylate the N-type calcium channels
and the latter induce cardiac sympathetic overactivation and ventricular arrhythmias in
HF [110,164,165]. Therefore, further understanding of the relations among satellite glial
cells, macrophages, and cardiac postganglionic sympathetic neurons in stellate ganglia
can provide therapeutic targets against cardiac sympathetic overactivation and malignant
ventricular arrhythmias in HF.

Oxidative stress is also considered to be another factor for the remodeling in cardiac
sympathetic neurons in HF. Ajijola et al. found that stellate ganglia from patients with
cardiomyopathy and arrhythmias exhibit oxidative stress [166]. In small animal models of
myocardial infarction-induced HF, oxidative signaling is increased in stellate ganglia [167].
Therefore, the effect of oxidative stress on the remodeling in cardiac sympathetic neurons
and interaction between oxidative stress and inflammation-raised cytokines in HF should
be explored in future studies.

4.2. Mechanisms Associated with the Remodeling in Cardiac Postganglionic Sympathetic
Never Terminals

As described above, NGF is mainly produced in the sympathetic innervated or-
gans/tissues. Western bolt analysis in the left ventricle demonstrated an elevation of NGF in
explanted, failing human hearts compared to normal, donor hearts [168]. NGF overexpres-
sion in the sympathetic targeted organs/tissues causes sympathetic nerve hyperinnervation,
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which could be involved in nerve spouting and a high density of sympathetic nerve termi-
nals in the periphery of the necrotic myocardium of failed hearts [116,149,152,169]. When
NGF binds with TrkA receptors on sympathetic nerve terminals, activated TrkA receptors
regulate cytoskeletal dynamics through successive activation of the MAPK and PI3K-Akt
pathways, and endocytosed TrkA receptors promote sympathetic nerve growth and hy-
perinnervation through a calcineurin-dynamin 1 signaling pathway [170–172]. Although
NGF could be considered as the key factor modulating sympathetic nerve innervation in
targeted organs/tissues in physiological and pathophysiological conditions, some other
factors also contribute to cardiac sympathetic hyperinnervation in either an independent
style or by association with NGF [149,152]. These endogenous factors include growth differ-
entiation factor 5 (GDF5), TNF receptor 1, leukemia inhibitory factor, cardiotrophin-1, and
leptin [173–176]. Additionally, pro-NGF, pro-brain-derived neurotrophic factor (pro-BDNF),
and brain-derived neurotrophic factor (BDNF) activate the p75 neurotrophin receptors
(p75NTRs) and death receptor 6 (DR6), two members of the TNF super-family, to stimulate
sympathetic nerve denervation [177–183], which occurs in the cardiac infarcted area and
myocardium adjacent to the scar in myocardial infarction-induced HF.

Using a mouse model of cardiac ischemia-reperfusion, one recent study demonstrates
that therapeutics-restored sympathetic reinnervation of the infarcted area decreases M1-like
macrophages and elevates the numbers of dendritic cells, M2-like macrophages, and Treg
cells [184]. There are different contributions of M1-like and M2-like macrophages to cardiac
sympathetic remodeling. Therefore, future studies are needed to assess the interaction
between cardiac sympathetic remodeling and the different types of macrophages in HF

Functional remodeling in cardiac postganglionic sympathetic nerve terminals includes
the change in norepinephrine synthesis, release, and reuptake in HF. For norepinephrine
synthesis, normally, tyrosine is converted to 3,4-dihydrooxyphenyl alanine (DOPA) by the
rate-limiting enzyme, tyrosine hydroxylase (TH). DOPA is then converted to dopamine by
L-aromatic acid decarboxylase. After that, the vesicular monoamine transporter translo-
cates dopamine into storage vesicles, in which dopamine is converted to norepinephrine
by dopamine β-hydroxylase. Although it has been shown that cardiac norepinephrine
synthesis is increased in HF [132], so far, it is unclear which enzyme and potential mech-
anism(s) are responsible for the increase in cardiac norepinephrine synthesis in HF. For
norepinephrine release from sympathetic nerve terminals, Huang et al. demonstrated that
the action potential modulates calcium-dependent and -independent (voltage-dependent)
quantal norepinephrine release in the mammalian sympathetic nervous system [185]. Our
recent studies found that the activated macrophage-triggered increase in the N-type calcium
currents results in neuronal overexcitation of cardiac postganglionic sympathetic neurons
in a myocardial infarction-induced HF animal model [110,160], which could contribute
to the increase in the norepinephrine release from cardiac sympathetic nerve terminals
in the HF state. For norepinephrine reuptake, it is responsible for the rapid removal
of interstitial norepinephrine through the norepinephrine transporter (NET) after nore-
pinephrine release from cardiac sympathetic nerve terminals. Much evidence confirms
a reduction in the neuronal NET density and activity at cardiac sympathetic nerve ter-
minals in the failing heart [186–188]. In cultured rat neuroblastoma cells (PC12 cell line),
exogenous norepinephrine significantly reduces the expression of NET protein but not
NET mRNA [189,190], which suggests post-transcriptional downregulation for NET in
HF [82]. Normally, NET located in the cell membrane is regulated by glycosylation [191].
Therefore, the effect of norepinephrine on the reduction in the neuronal NET density in
HF could be associated with endoplasmic reticulum stress-reduced glycosylation, causing
the trafficking of NET to the cell membrane [190]. Additionally, endothelin binding with
endothelin receptors also inhibits NET activity in HF by affecting NET phosphorylation
because the NET activity is, in the short and long term, modulated by protein kinase A, C,
and G and calcium-calmodulin-dependent protein kinase [191,192]. It is unclear whether
NET activity and expression are modulated by other endogenous factors in HF, such as the
renin-angiotensin-aldosterone system, bradykinin, nitric oxide, natriuretic peptides, etc.
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5. Conclusions

In this review, we updated the information about the cardiac sympathetic remod-
eling in stellate ganglia and potential mechanisms and the role of cardiac sympathetic
remodeling in cardiac sympathetic overactivation, arrhythmias, and cardiac dysfunction
in HF (Figure 2). Using droplet-based high-throughput single-cell RNA sequencing, one
recent study separated eight large clusters in the superior cervical ganglion (one type of
peripheral sympathetic ganglia) from young adult mice based on the expression of canoni-
cal marker genes [193]. These clusters include satellite glial cells (Plp1, Fabp7), Schwann
cells (Plp1, Ncmap), sympathetic neurons (Snap25, Th), vascular endothelial cells (Ly6c1),
macrophages (C1qb), T cells (Trb2), fibroblasts (Dcn), and mural cells (Rgs5) [193]. Fol-
lowing the development of innovative techniques, including epigenetics, transcriptomics,
proteomics, optogenetics, single-cell RNA sequence analysis, etc., more details on stellate
ganglionic cell remodeling with related mechanisms in HF will be explored. Stellate ganglia
could be a therapeutic target against cardiac sympathetic overactivation and myocardial
electrophysiological and contractile dysfunction in HF.
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Abstract: In this review, we discuss sympathetic regulation in normal and diabetic wound healing.
Experimental denervation studies have confirmed that sympathetic nerve endings in skin have an
important and complex role in wound healing. Vasoconstrictor neurons secrete norepinephrine (NE)
and neuropeptide Y (NPY). Both mediators decrease blood flow and interact with inflammatory cells
and keratinocytes. NE acts in an ambiguous way depending on receptor type. Beta2-adrenoceptors
could be activated near sympathetic endings; they suppress inflammation and re-epithelialization.
Alpha1- and alpha2-adrenoceptors induce inflammation and activate keratinocytes. Sudomotor
neurons secrete acetylcholine (ACh) and vasoactive intestinal peptide (VIP). Both induce vasodi-
latation, angiogenesis, inflammation, keratinocytes proliferation and migration. In healthy skin, all
effects are important for successful healing. In treatment of diabetic ulcers, mediator balance could
be shifted in different ways. Beta2-adrenoceptors blockade and nicotinic ACh receptors activation
are the most promising directions in treatment of diabetic ulcers with neuropathy, but they require
further research.

Keywords: diabetes mellitus; wound healing; sympathetic system; norepinephrine; acetylcholine;
NPY; VIP; NGF; keratinocytes; angiogenesis

1. Introduction

Diabetes mellitus is associated with several common comorbidities. Diabetic neuropa-
thy is very common among patients with severe disease. Up to 50% of patients experience
diabetic neuropathy at some point in their life. In addition to direct clinical manifestations,
neuropathy contributes to the development of other complications of diabetes. Among
other complications, diabetic neuropathy increases foot ulcer risk to 25% [1].

Diabetic ulcers are severe chronic wounds that often occur on the distal parts of lower
extremities. They are resistant to treatment and contribute to the majority of nontraumatic
leg amputations [2–4]. Some surgical and orthopedic treatment tactics improved diabetic
ulcer healing rates [5,6]. The new generation of glycaemia-controlling medications has
also alleviated the burden of diabetic ulcers. Despite these advances, these treatments are
often not enough to improve patients’ conditions [7,8]. There is an urgent need for new
pathogenetic ways to treat diabetic ulcers. Diabetic wound pathogenesis involves almost all
major diabetic pathways and complications. Largely, wound progression is correlated with
skin ischemia. Clinically, wounds with reduced skin blood flow are called angiopathic [9,10].
Some severe ulcers have a weak correlation with diabetic angiopathy. This subset of diabetic
ulcers is thought to be completely neuropathic [11–13]. One of the most prominent clinical
forms of neuropathic wound is Charcot neuroarthropathy [12,14]. But neuropathic factors
can reveal themselves in different clinical forms. In any diabetic wound, both local ischemia
and neuropathy are important, but in different proportions. Major surgical interventions
and some medications were designed to restore microcirculation in wound area, yet they are
less effective in neuropathic wounds [11,15]. Also, there are several important intermediate
factors, like excessive inflammation, reactive oxygen species hyperproduction, metabolic
disturbances and epigenetic changes [16–19].
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Different components of diabetic ulcer pathogenesis have received unequal attention.
There are more than 5000 reviews about diabetic ulcers in Medline database. Many of
those are related to therapy options, wound infections, pathological inflammation, and
microcirculation. Among them we have found nine reviews dedicated to neuropathy’s
involvement in diabetic wound healing. The oldest one lists some general ways by which
neuropathy could affect diabetic ulcers without pathogenetic mechanisms [20]. One review
summarizes information about neurovascular control neuropathic impairments [21]. Five
works give a detailed picture of neuropeptide and neurotrophic factors’ involvement in
diabetic wound healing [22–26]. S. Sun et al. in a recent review focused β-adrenergic
involvement and β-blockers treatment, though they did not touch a-adrenoceptors and
cholinergic fibers [27]. In the most recent work, N.C. Nowak et al. gave a comprehensive
review for sensory fibers’ involvement and neuropeptides. We unequivocally recommend
this paper as the most interesting and complete picture of neuropathy in diabetic wound
healing [28]. There are also a few reviews about nervous system involvement in normal
wound healing or in different pathologies. L. Pan et al. described sympathetic interaction
with angiogenesis in detail. Subsequently, we will give less credit to this aspect of autonomic
nervous system role, but for more information, we recommend this article [29]. M. Ashrafi
et al. and D. Gupta et al. mostly describe neuropeptide functions [30,31]. Important
information was collected in reviews of intraepidermal noradrenaline and acetylcholine
synthesis. They are complementary to our work, but either do not have information
about wound healing and diabetes or do not make clear distinctions between nerve-
derived and keratinocytes-derived neurotransmitters [32–34]. There is much information
in the literature about the general sympathetic nervous system’s role as inflammation
modulator. While those articles do not cover wound healing, they provide valuable
concepts of adrenergic inflammation control. Additional to our work, information is
reviewed by G. Pongratz and R. Straub [35].

Overall, the autonomic nervous system’s role in wound healing in normal and diabetic
wounds has not been completely explained in all the current reviews. It is not clear how
adrenergic, cholinergic and neuropeptide regulation mechanisms are integrated during the
wound healing process. At the same time, there are many fragmentary studies and much
broad evidence that these mechanisms are important. Autonomic diabetic neuropathy
affects more than 20% of patients with diabetes [36]. Cardiovascular diabetic neuropathy is
diagnosed most frequently, but studies provide clues that diabetes affects all parts of the
autonomic nervous system [37]. While cardiac autonomic neuropathy is present in 43–66%
of patients with diabetic wounds, other forms of autonomic neuropathy are probably
prevalent as well [38]. Beta-blockers underwent some trials in diabetic ulcers, but we could
better target the autonomic nervous system with a clearer view of underlying mechanisms.
Neuropeptides’ involvement and angiogenesis control were thoroughly reviewed, and
we will mention them briefly. We focused on articles about norepinephrine, acetylcholine,
related nerve fibers and their interactions with effector cells on different steps of the healing
process. Our aims are to compare known mechanisms with denervation studies results and
clinical data, and to find important empty spaces in the current state of knowledge.

2. Methods

We conducted a literature (narrative) review; therefore, strict methodological criteria
were not applicable. The search was performed in several steps for different parts of
review in Medline, Scopus, and Web of Science databases. Below, we give search queries
in Medline format, total results without duplicates through Medline database and final
addition from all databases minus results from previous queries. Preclinical and clinical
articles with any relevant disease model or disease were picked for analysis. Any article
type with full text available was analyzed, and non-English works were auto-translated to
extract their main positions. The search was conducted between 10 November 2022 and
10 December 2022.
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(1) (“wound healing” [Mesh] OR skin wound* OR diabet* wound* OR diabet* ulcer*)
AND (“Autonomic Nervous System” [Mesh] OR autonom* nerv*)—458 results, 78 to
analysis

(2) (“wound healing” [Mesh] OR skin wound* OR diabet* wound* OR diabet* ulcer*)
AND (“Receptors, Adrenergic” [Mesh])—59 results, 32 to analysis

(3) (“wound healing” [Mesh] OR skin wound* OR diabet* wound* OR diabet* ulcer*)
AND (“Epinephrine” [Mesh] OR “Norepinephrine” [Mesh] OR epinephrine OR
norepinephrine)—365 results, 61 to analysis

(4) (“wound healing” [Mesh] OR skin wound* OR diabet* wound* OR diabet* ulcer*)
AND (“Receptors, Cholinergic” [Mesh])—41 results, 18 to analysis

(5) (“wound healing” [Mesh] OR skin wound* OR diabet* wound* OR diabet* ulcer*)
AND (“Acetylcholine” [Mesh])—50 results, 2 to analysis

(6) (“wound healing” [Mesh] OR skin wound* OR diabet* wound* OR diabet* ulcer*)
AND (“Neuropeptide Y” [Mesh] OR NPY)—33 results, 5 to analysis

(7) (“wound healing” [Mesh] OR skin wound* OR diabet* wound* OR diabet* ulcer*)
AND (“Vasoactive Intestinal Peptide” [Mesh] OR VIP)—257 results, 7 to analysis

3. Sympathetic Neurotransmitters: Neuronal and Paracrine Sources
3.1. Sympathetic Regulation in Normal Skin

Autonomic nerves lie in dermis near blood and lymphatic vessels and dermal ap-
pendages and except for facial skin are only sympathetic. These fibers belong to cutaneous
vasoconstrictor neurons, piloerector neurons and sudomotor neurons (Figure 1) [39]. Both
types have C-type unmyelinated axons and are located in paravertebral ganglia [40]. Mi-
croneurographic studies have shown that one sympathetic unit innervates 24–350 mm2 of
skin [41]. Immunolabeling histological studies allowed the differentiation of noradrenergic
sympathetic fibers near arterioles or erector pili muscles and apocrine sweat glands and
cholinergic sympathetic fibers near eccrine sweat glands [42]. These fibers lay in dermis at
different depths. Contrary to sensory fibers, sympathetic fibers do not directly penetrate
epithelium basal membrane [43].
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laries, where they could change endothelial integrity and conduct retrograde signals. In
normal skin, vasomotor sympathetic fibers reduce blood flow. Other adrenergic fibers
activate piloerection and regulate hair follicle cells’ activity. Also, some fibers innervate
veins and collect lymphatic ducts, though their innervation is scarce. All adrenergic
nerve endings primarily release epinephrine and neuropeptide Y (NPY), also different
POMK—derived peptides. Sudomotor fibers increase sweating in stress reactions and
heat dissipation. Cholinergic sudomotor neurons among acetylcholine release vasoactive
intestinal peptide (VIP) [44]. Further we will see that sympathetic fibers have additional
roles in wound resolving.

Deep soft tissue wounds can involve subcutaneous adipose tissue and superficial
muscles. Adipose tissue has dense sympathetic innervation that directly regulates energetic
balance and heat production [45,46]. Skeletal muscles contain only sympathetic fibers
that innervate blood vessels, though recent evidence indicates their role in modulation
of muscle contraction force [47,48]. We lack data on possible involvement of adipose and
skeletal muscle sympathetic fibers in soft tissue wound healing. Therefore, we will further
discuss dermal sympathetic fiber role and general sympathetic activation or denervation.

3.2. Neurotransmitter Synthesis in Skin Cells

Resident skin cells regulate normal tissue properties by paracrine release of signaling
molecules. Among other, they produce catecholamines and neuropeptides and present
different cell surface receptors. Keratinocytes express enzymes for norepinephrine (NE)
and acetylcholine (ACh) synthesis and various receptors for them through all epidermis lay-
ers [33,49]. Keratinocytes vesicles contain tyrosine hydroxylase and phenylethanolamine-N-
methyl transferase (PNMT), norepinephrine synthesis enzymes. Norepinephrine was also
found in an isolated keratinocytes culture media [50]. In normal skin, the most immature
basal keratinocytes produce more norepinephrine. NE increases calcium influx in the near-
est cells through β2-AR, thus promoting keratinocyte maturation. Beta-adrenoreceptors are
the best described in skin. They were found on keratinocytes from different skin localiza-
tions and on fibroblasts. Epidermis is densely labeled for β2-adrenoceptors in all layers
with no β1-AR presentation. Sweat glands also have high β2-AR presentation; sebaceous
glands are not labeled [51].

Therefore, it is proposed that intrinsic skin NE release is crucial to the native epidermis
architecture. Several diseases, like atopic dermatitis and psoriasis, both impair keratinocytes
differentiation and decrease norepinephrine levels [52].

Almost all human cells produce acetylcholine to a certain degree; therefore, active
ACh depends on synthesis to acetylcholinesterase (AChE) hydrolysis ratio. All viable
keratinocytes have equal ACh synthetic end exocytosis capacity, but AChE activity is local-
ized in basal layer. Therefore, in intact epidermis, ACh concentration increases from basal
to upper layers. Keratinocytes express a wide variety of ACh receptor genes—different
non-muscular nAChR subunits and M1–M5 mAChR subtypes. The acetylcholine receptors
are unequally distributed through the epidermis, and different acetylcholine actions in the
different maturation stages have been speculated [35]. In the literature, a3, a5, b2, b4 nAChR
subunits were detected in the epidermal basal layer and lower stratum granulosum, a9
nAChR subunits—in the basal layer and in the lowest suprabasal epidermis, a7, a10 and b1
nAChR subunits—in the upper stratum spinosum and stratum granulosum. In addition,
M1 and M4 muscarinic acetylcholine receptors were described in the suprabasal layers, M2,
M3 and M5—in the lower layers [53]. While different receptor subtypes have opposing
effects, keratinocytes could respond to ACh differently dependent on maturation stage.
Overall, normal ACh stimulation in intact epidermis promotes keratinocyte maturation
through different phenotypes. Also, ACh is important for steady sebaceous and sweat
gland secretion.

Catecholamines and acetylcholine regulation of skin homeostasis can be explained by
both in-place paracrine regulation and neurogenic regulation [54]. We need more evidence
to evaluate effects from two sources separately. As some authors propose, the high rate
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of neurotransmitter metabolism in basal keratinocytes is important to separate the two
regulatory compartments. NE, ACh from sympathetic fibers could freely interact with
skin appendages, basal epidermis layer and dermal cells. Because of uptake by basal
keratinocytes, neuronal transmitters have a little effect on upper epidermis layers and
vice versa. But in soft tissue wounds, natural barriers are compromised. All cells that
migrate into the wound area are equally exposed to neurotransmitters and their regulation
is important.

4. Sympathetic Regulation in Normal Wound Healing

Soft tissue healing, like any acute inflammation, has several stages: vessel dilatation
and permeabilization, proliferation and reparation [55]. The autonomic nervous system
regulates all stages of wound healing in the wound area, in intact skin near the wound and
in the whole body. Sympathetic mediators could constrict arteries in the skin to prevent
excessive blood loss. In intact skin around the wound, sympathetic fibers are crucial in
maintaining physical properties of the skin. Without normal regulation, sweating skin can
become dry and vulnerable to infections. In the wound area catecholamines, acetylcholine
and neuropeptides modulate leukocyte activity, reepithelization, wound contraction, and
other important processes.

4.1. Inflammation and Immune Cells

In the first days after wounding, acute inflammation decides the fate of the healing pro-
cess. In minutes after initial damage injured cells, resident immune cells and tissue debris
affect local blood vessels and attract granulocytes from blood stream. Vasodilatation and
increased vessel permeability enhance leukocyte transcytosis. Sympathetic fibers modulate
acute inflammation in several ways with different neurotransmitters and receptors.

As any serious trauma usually acts as a stressor, the catecholamine level in blood
quickly increases, simultaneous with local sympathetic fibers’ discharge. Catecholamines
increase skin arterioles’ resistance, shunting more blood to vital organs. This effect could
delay leukocyte migration, but it also prevents excessive blood loss. Some older works
have stated that catecholamines also increase capillary permeability [56,57]. Later research
contradicted this finding. Lack of sympathetic activation, for example in diabetic skin,
rather increased capillary leak through lower vessel tone [58,59]. While most cytokines and
inflammation mediators in the wound area increased capillary permeability, catecholamines
act as antagonists.

Catecholamines effectively modulate leukocytes’ activity [60]. Adrenoceptors have
been found on all types of leukocytes with different density, most abundant are β2-adrenergic
receptors [61]. Information about other types of adrenergic receptors is controversial in
different species and cell types. Next to β2 by quantity are a1, then a2 and β1-receptors,
respectively [62]. a-adrenoceptors and β-adrenoceptors enhance opposite processes in
leukocytes, but they have different affinity and abundance. β2 adrenergic regulation of
immune response is the most studied and probably the most prevalent and important.
β2-agonists decrease TNFa and other pro-inflammatory cytokines release, leukocyte migra-
tion and chemotaxis [63]. IL-10 concentration is elevated rapidly after β2-AR activation
leading to immunosuppression or localized inflammation [64]. Possible mechanisms in-
clude protein kinase A (PKA)—mediated NF-kB suppression and β-arrestin 2 protein
synthesis [64,65]. A. Gosain et al. studied norepinephrine effects on activated neutrophils
and macrophages, isolated from rat wounds. Both types of cells have shown significantly
reduced phagocytic activity by PKA activation. Macrophages were inhibited both by
physiological and pharmacological NE doses, while neutrophils were inhibited only by
pharmacological NE dose [66,67].

Less data is available about a-adrenoceptor’s role in soft tissue wound healing. In most
cases, they have shown pro-inflammatory properties. a-adrenergic agonists increase pro-
inflammatory cytokines production, immune progenitor proliferation and reactive oxygen
species production [68,69]. In other inflammatory situations a-adrenoceptors stimulation
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increases many pathological reactions. In systemic inflammation, a1-adrenergic stimulation
increases the release of TLR-driven cytokines from macrophages [70]. a1b receptors also
have shown ability to form heterodimeric complexes with chemokine receptors and regulate
their activity [71,72].

Overall, acute catecholamines release reduce inflammation through β2-adrenergic re-
ceptors. This is interesting, because inflammation is vital in normal wound healing [73,74].
Despite thousands of works it is still impossible to predict when inflammation becomes
deleterious or when anti-inflammatory agents become harmful. For example, glucocorti-
coids have been shown to prevent wound healing or even to induce wounding in different
situations [75,76]. On the other hand, in some wound models, glucocorticoids improve
healing [77]. Similarly, β-AR affecting drugs are very inconsistent in different inflam-
mation models and diseases [78–86]. In simple wounding model cell proliferation rate,
neutrophiles and mast cells migration, myofibroblast density and the blood vessels volume
density were increased by a beta-blocker, while healing was delayed overall [87]. To the
contrary, after propranolol administration in streptozotocin-induced rat diabetes model,
the wound area was smaller 7 and 14 days after wounding in propranolol group, and
inflammatory cells number and MMP-9 level were reduced [88].

Therefore, we should study pro- and anti-inflammatory agents in more detail to find
finer switching mechanisms. Because β2-AR related effects are dominant, Pongratz et al.
hypothesize that sympathetic system nerve endings prevent deleterious inflammation
spreading and tissue damage. β-adrenergic receptors bind NE with lower affinity, than
a-adrenergic receptors. Sympathetic nerve terminals release NE, and in proximity it binds
with both β- and a-adrenergic receptors on leukocytes with subsequent β2-AR induced
IL-10 release. Farther from NE source, a high-affinity a-adrenergic receptor binds more
mediator, than β-adrenergic receptors and TNFa release prevails over IL-10 production.
Therefore, intact sympathetic fibers reduce inflammatory response in intact wound margins
and increase closer to the wound’s center. Possible repulsion of sympathetic fibers from the
inflammation area would also positively modulate inflammation [35]. This concept only
includes catecholamines, though other sympathetic transmitters in the skin also could be
important for net inflammation balance.

As sudomotor sympathetic nerves release acetylcholine, they could trigger acetyl-
choline responses aside from vasodilation. As ubiquitous paracrine agent, acetylcholine
is an important immune system mediator. Acetylcholine has been revealed as a pro-
inflammatory mediator in many studies [89,90]. Leukocytes produce different types
of cholinergic receptors: M1–M5 muscarinic receptors, a3, a5, a7, a9, a10 nAChR sub-
units [91,92]. Both cholinergic receptor types inhibit cytokine secretion from leukocytes,
though mAChR are better-researched [93–95]. Considering that, acetylcholine release also
could decrease inflammation in wound area. Contrary to catecholamines, ACh promotes
vasodilation that stimulates leukocyte extravasation [53,96].

Vasoactive intestinal peptide (VIP) is characteristic for cholinergic neurons, including
sympathetic sudomotor neurons. In the acute phase of inflammation, VIP induces histamine
and bradykinin release from mast cells. Therefore, VIP itself and vasoactive inflammatory
mediators induced by its actions promote vasodilatation in wound margins. In later
stages, VIP could realize its anti-inflammatory properties. In different circumstances
VIP could increase Treg cells level and protect them from apoptosis, inhibit TNFa and
IL-6 secretion [97–99].

Neuropeptide Y (NPY) is produced in skin primarily by vasomotor sympathetic
nerve endings. Its role in soft tissue wound healing is not completely understood. In
other pathologies NPY acts as pro-inflammatory agent [100–103]. NPY induces cytokine
production in leukocytes through Y1 and Y5 receptors, but other types of NPY receptors
with other roles also were scarcely described [102,104].

Among typical skin sympathetic neurotransmitters, only NPY can possibly act as a
pro-inflammatory without immunosuppressive functions in normal wound healing. To
focus inflammation near the wound’s margins immune cells need to repel nearby sympa-
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thetic fibers. Indeed, inflammatory sympathetic repulsion is a well-known phenomenon.
A special class of semaphorin molecules called nerve repellent factors regulates neurite
outgrowth. They include semaphorin 3F(SEMA3F), plexin-A2, neuropilin-2 and other
factors [105]. In inflamed tissues, including diabetic Charcot foot, semaphorin 3C is highly
expressed with lower sympathetic fibers’ density [106]. S. Clatt et al. tested whether cy-
tokines and hormonal factors released in inflamed tissue also have repellent properties.
TNF-α repelled nerve fibers with moderate to strong effects (0–100%). High concentrations
of dopamine and norepinephrine (10−6 M) induced weak but significant nerve fiber repul-
sion (up to 20%). Stimulation with low concentrations of 17β-estradiol (10−10 M, but not
10−8 M) repelled SNFs [107]. Systemic inflammatory responses in sepsis also induced nerve
repulsion in primary immune organs. D. Hoover et al. have found that in patients with
sepsis there are about 16% of normal sympathetic fibers. While spleen innervation provides
ambiguous immune regulation, it’s dysfunction could both decrease inflammation speci-
ficity and increase detrimental effects [108]. Major aspects of sympathetic neurotransmitters’
interaction with immune cells were placed in Table 1.

Table 1. Overview of sympathetic neurotransmitter interactions with immune cells.

Neurotransmitters Norepinephrine/
Epinephrine Acetylcholine VIP NPY

Primary effect Immunosuppressive Immunosuppressive Immunosuppressive Pro-inflammatory

Source Vasomotor
fibers/keratinocytes

Sudomotor
fibers/keratinocytes

Sudomotor
fibers/keratinocytes

Vasomotor
fibers/keratinocytes

Wound healing
role—inflammation

Low concentration in wound
area, high in healthy tissue
around

Not clear Not clear Not clear

Primary receptor
blockade

Switch to pro-inflammatory,
better healing or
hyperinflammation

Inflammation increase,
better healing?

Inflammation increase,
better healing?

Studied in some
hyperinflammatory
conditions only

4.2. Keratinocytes

Keratinocytes (KC) are activated after wounding among other cells through the first
minutes and hours. Keratinocytes are characterized by keratin expression profile, which
defines the KC phenotype. In healthy skin there are basal KC, that proliferate and replenish
lost corneocytes through different maturation stages. After wounding basal KC and some
mature KC switch their phenotype to activated or contractible. Activated KC can migrate,
proliferate and are crucial for re-epithelialization. Contractible KC pull the extracellular
matrix to make wound area smaller. Without any kind of epidermis, the wound has a great
risk of becoming infected or chronic [109,110].

Because intact epidermis cells synthetize NE, they could affect each other and pre-
vent inflammatory activation. In vitro β2-adrenergic receptors activation inhibits ker-
atinocyte migration [111,112]. Epinephrine is a more potent keratinocyte migration in-
hibitor than norepinephrine [113]. Cellular events after keratinocytes β2-AR activation
include serine/threonine phosphatase PP2A activation, extracellular signal-related kinase
(ERK) dephosphorylation and promigratory signaling cascade blockade [114]. Keratinocyte
proliferation is also inhibited by β2-AR agonist isoproterenol [115].

Unlike in immune cells, keratinocytes β2-AR contribute to pro-inflammatory cellular
response as well. Epinephrine increases interleukin production, and β2-AR—TLR crosstalk
significantly augments inflammatory response [116]. Because epidermis is always in
contact with the outer world and its germs, cytokines could be important in maintaining
skin defenses. While β2-AR blocks KC activation, an increased cytokines level possibly
could overcome this effect [117]. For now, this question remains open.

Wound modeling in keratinocytes culture leads to rapid norepinephrine release and
persistent downregulation of β2-AR protein and catecholamine synthesis enzymes gene
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expression [118]. Keratinocyte culture scratch wounding downregulated expression of
β-adrenoceptors genes, tyrosine hydroxylase and PNMT genes. While β2-adrenoceptors
functional activity remained depressed, their gene expression returned to the baseline.
With decreased β2-AR stimulation, keratinocytes produced more norepinephrine, which
impaired their migration activity in wound edges. Effects were diminished by β2-AR
selective antagonist ICI-118,551, β1-AR selective antagonist bisoprolol did not change
them [118]. R. Sivamani et al. in vitro and in mouse burn model have found detrimental
role of β2-AR after epinephrine exposure. In vitro keratinocytes blockade was achieved by
physiological stress-induced epinephrine concentrations [119].

As with immune cells, alpha-adrenoceptors have opposite effects after KC activa-
tion. In studies, a2A/a2C-adrenoceptors knockout transgenic mice have shown accelerated
wound contraction and re-epithelialization. On the other hand, a2-adrenoceptors on the
presynaptic membrane reduce catecholamine release, therefore external a2-AR sympathetic
activation could improve wound healing through inhibited NE release and lower β2-AR ac-
tivation [120]. In vitro a2-ARs increase keratinocyte migration. Under low norepinephrine
concentration a2-ARs overcome β2-adrenoceptors and their stimulation induces rapid
migration [121]. Probably, a-adrenoceptors activation prevents KC from switching back to
a stable basal or mature phenotype.

Acetylcholine also is abundant in epidermis and can act on the keratinocytes di-
rectly via cell receptors. Muscarinic receptors of five molecular subtypes and nicotinic
receptors were found in keratinocytes and melanocytes [33]. Combined acetylcholine
receptors blockade in vitro leads to the complete organotypic skin culture growth and
proliferation inhibition. The nAChR receptors blockage led to less prominent changes
than did the mAChR blockage in terms of culture thickness and maturation marker genes’
expression [122,123]. Important acetylcholine function is a keratinocytes cohesion stimula-
tion [53,124]. Like NE, ACh also increases cytokine synthesis in keratinocytes. We propose
that, by the same logic, cytokine stimulation can compensate direct inhibition [125]. In
some reports M3 mAChR activation inhibits KC migration, while M4 mAChR activates
migration [54]. In vitro experiments establish that a9 nAChR is important for migration
start; without it KC remained attached to the surface. A huge number of receptors with
opposite effects reduced the chances to successfully target cholinergic system in wound
healing [34,126]. Neuropeptides’ interactions with KC are less researched. VIP induces
keratinocytes migration and proliferation, and probably it is one of the most promising
targets for study [127–129]. NPY receptors Y1 and Y4 were detected in all epidermal layers
of the human skin [130]. Interestingly, while CGRP and VIP activate cAMP in keratinocytes
culture, leading to increased cell proliferation, NPY downregulates cAMP with the opposite
effects. It is probable that NPY blockers also could have some useful implications [131].
Major aspects of sympathetic neurotransmitters’ interaction with keratinocytes were placed
in Table 2.

Table 2. Overview of sympathetic neurotransmitter interactions with keratinocytes.

Neurotransmitters Norepinephrine/
Epinephrine Acetylcholine VIP NPY

Primary effect Inhibits activation, stimulates
cytokines

Mixed through
different receptors,
stimulates cytokines

Activates KC Inhibits activation

Source Vasomotor
fibers/keratinocytes

Sudomotor
fibers/keratinocytes

Sudomotor
fibers/keratinocytes

Vasomotor
fibers/keratinocytes

Wound healing role—
re-epithelialization

Stimulates KC to produce
cytokines, probably to stop
migration

Stimulates KC to
produce cytokines, to
start migration

Stimulates KC Inhibits KC

Primary receptor
blockade Ambiguous data Ambiguous data Worse healing? Better healing?
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4.3. Fibroblasts

In later stages of the wound healing process, fibroblasts became key cellular elements.
Their growth factors terminate inflammation, and their work defines the degree of scarring
and functional restoration [132,133].

Fibroblasts produce almost all types of adrenergic and cholinergic receptors. In
proliferation phase, β2-receptors become more beneficent, as they activate fibroblasts.
In zebrafishes and porcine skin wound model β2-AR agonists inhibit contraction and
fibrosis, reduce scar area, and improve scar quality [134]. β2-AR activates fibroblasts
migration and attenuates cAMP-dependent matrix contraction [135,136]. After the beta-
adrenoceptors blockade wound contraction and epidermal healing were delayed, decreased
hydroxyproline levels, collagen density and neo-epidermal thickness were in evidence [87].
After propranolol administration in streptozotocin-induced rat diabetes model, the wound
area was smaller 7 and 14 days after wounding in propranolol group; MMP-9 level was
reduced and cell proliferation, mast cells number, collagen deposition, blood vessels density
and nitric oxide levels were increased [88]. In Pullar et al. work, β2-AR antagonism
increased angiogenesis, fibroblast functions, re-epithelialization [137]. Therefore, real data
is inconsistent and more high-quality research is needed.

Less data is available about alpha-adrenoceptors, but in most cases, they have shown
pro-inflammatory properties. Alpha-adrenergic agonists increase pro-inflammatory cy-
tokines production, immune progenitor proliferation and reactive oxygen species produc-
tion, as well as TGFb synthesis [68,69]. Dermal fibroblasts also express several acetylcholine
receptors: a3b2, a5, a7, a9 nAChRs, M2, M4, and M5 mAChRs [53,124]. Cellular effects
were not properly studied, but mostly, acetylcholine receptors activation promotes matrix
formation or remodeling [138].

4.4. Blood Vessel Cells

Finally, fast, and functional restoration requires increased blood supply. All sympa-
thetic neurotransmitters and neuropeptides affect angiogenesis. As this topic is described
in many reviews, we briefly discuss several points [9,29,139–142].

Both in murine wound models and in human skin wounds, β2-AR activation pre-
vents phospho-ERK cytoskeleton remodeling and delays wound re-epithelialization and
healing [143]. Interestingly, the same effects could be seen in vascular smooth muscle
cell culture [144,145]. β2-AR activation also decreases angiogenesis, and endothelial cells’
migration via cAMP-dependent mechanisms [146]. It is possible that a1-AR gene overexpres-
sion in vascular cells could lead to altered circulatory dynamics. Indirectly, these alterations
could contribute to dysfunctional keloid scars that maintain high a1-AR production [147].

High SNS activity leads to stable NPY increase, hence vascular tone is permanently
elevated, like in arterial hypertension. Diabetes mellitus is often accompanied by lower NPY
production in skin [148]. NPY released by sympathetic nerve fibers stimulates endothelial
cells proliferation and migration [149,150]. NPY Y2 receptors’ deletion in mice delays the
wound healing by an angiogenesis blockade [148].

5. Wound Healing in Denervation Models

Experiments with denervated animals revealed the significant role of nerve endings
in wound healing, though results are not always consistent. Partial surgical denervation
delays wound healing in some studies and does not affect healing process in others. Com-
plete denervation worsens skin regeneration in almost all studies [23]. As an exception,
Ranne et al. did not find histological changes in rat groin skin after surgical denervation,
though there could be functional impairments [150]. Further we will compare dener-
vation experiments with information about different parts of sympathetic interactions
with wounds.

Peripheral sympathetic denervation is executed with high dose 6-hydroxydopamine
(6-OHDA). K. Saburo et al. described morphological changes in rat burns healing after
6-OHDA sympathectomy. There were fewer capillaries in granulation tissue, vessels were
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dilated, and the collagen was fine fibrous, rather than the thick bundles of the control
group [151]. Probably, these results go in line with NE deficiency. L. Kim et al. reported
decreased linear skin incisions healing in rats after 6-OHDA sympathectomy (two-times
more rats in the control group were healed by day 14). Functional sympathetic blockade
in rats with propranolol (beta-blocker) and phentolamine (alpha-blocker) reduced wound
contraction and re-epithelialization but increased total cell proliferation, possibly by inflam-
matory cells [152]. It is interesting because catecholamine receptor blockade should prevent
KC inhibition. Probably, as we mentioned before, NE, importantly, increases cytokine
production. In previous work authors have found that general sympathetic denervation
with 6-OHDA accelerates wound contraction in rats but delays epidermal restoration [153].
Z. Zheng et al. in similar experiment confirmed increased wound contraction and delayed
reepithelization and have shown decreased levels of norepinephrine, epidermal growth
factor, IL1-beta, NG2 proteoglycan and desmin [154]. Interestingly, A. Jurjus et al. reported
other results in rat burn model with guanethidine denervation, that induce postganglionic
neurons depletion. Wound surface area was reduced faster after sympathectomy, contrary
to decreased healing rate in 6-OHDA models [155]. One experiment has shown that exoge-
nous local SNS activation with low doses of 6-OHDA increased epidermal wound healing
by 35% and dermal strength was increased by 43% [156].

Autonomic response could be predicted by comparing results of total and sympathetic
denervation. Sensory denervation with capsaicin has a wide range of results [23]. In imma-
ture rat capsaicin treatment delayed cutaneous wound healing with increased proliferation
and decreased apoptosis [157]. In some works, selective capsaicin sensory denervation had
no impact on wound healing [158]. J. Wallengren et al. studied both capsaicin and surgical
denervation wound healing models with negative results. With 70% nerve fibers depletion,
the researchers found normal wound closure. Additionally, by day 10 they reported nerve
fiber density recovery [159].

6. Sympathetic System in Diabetic Wounds Regeneration—Beneficial or Deleterious?

Wound healing is severely compromised in diabetes. There are multiple factors that
decrease skin reparation capability in the diabetic condition. Diabetes mellitus is often
accompanied by a diabetic neuropathy (DN). In the skin, DN leads to reduced nerve fiber
density, neuropeptides deficiency and failed nerve regeneration. C. Chan et al. have shown
that delayed wound healing in diabetic mice is related to 30–50% fewer axons at the wound
margins, compared to 10–15% fewer axons in the skin before the wounding. Moreover,
wound healing was accompanied by 70% adjacent hair follicles innervation reduction and
worse axon plasticity [160]. D. Levy et al. described reduced CGRP+, SP+, VIP+ and
NPY+ nerve fibers density in the skin of diabetic patients [161].

One of the major diabetic neuropathy forms is autonomic neuropathy. This could
affect any part of the autonomic nervous system, though the most obvious clinical signs
include dysmotility, urine incontinence and arrhythmias. The majority of thematic research
has been focused on the sensory component of neuropathy in diabetic ulcer pathogenesis.
But sensory neuropathy becomes prominent only after severe neuronal loss [162]. Despite
normal basal line activity, stress tests could reveal the sympathetic system decrease much
earlier. In type I diabetic subjects, exercises led to smaller and shorter norepinephrine and
NPY elevation in blood [163]. Sensory neuropathy also could indirectly trigger altered
sympathetic activity. Painful neuropathy is always accompanied by somatic changes,
and mediated by sympathetic hyperactivation [164]. Also, while much information is
transferred by C-type nerve fibers, both sympathetic and sensory nerve systems often
suffer simultaneously. Perception and sympathetic skin response impairment are correlated
in patients with diabetic polyneuropathies [165].

There could be different skin changes in diabetic patients, though in most cases all
regulatory and trophic functions are reduced. Skin sympathetic reaction to intra-epidermal
electrical stimulation correlates with diabetes severity, independent of clinical signs of
neuropathy [166]. Sudomotor dysfunction is described as a high-sensitivity screening test
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to diagnose diabetes complications [167]. Diabetic neuropathy is accompanied by a1-AR
gene overexpression in cutaneous vessels. Possibly, denervated structures overexpress
a2-adrenoceptors and become more sensitive to other catecholamine sources [168]. Dia-
betes severely compromises microcirculation. Sympathetic fibers deficiency independently
increases capillary leakage and reduces vasomotion. Indeed, the microcirculation state is
dependent on both vessel wall thickness and local blood flow regulation [58].

Z. Zheng et al. studied the effects of chemical denervation with 6-OHDA in diabetic
mice wounds. Sympathectomy was accompanied by smaller wound areas. To the contrary,
histological regeneration scores were reduced in 6-OHDA group on day 21. Sympathectomy
decreased the number of mast cells and norepinephrine, epidermal growth factor (EGF),
interleukin-1 beta, NG2 proteoglycan, and desmin gene expression on the days 17 and 21t.
Also, pericyte proliferation was reduced, which could explain vascular dysfunction. The
authors concluded that 6-OHDA in diabetic mice delays re-epithelialization during wound
healing by decreasing EGF but increases wound contraction by reducing IL-1β levels and
the number of mast cells [154].

Diabetes is accompanied by a hyperinflammatory state. This is especially important
in obesity-related conditions. White adipose tissue is a major source of inflammatory
cytokines: IL-1, TNF-a, IL-6, chemokines etc. Dyslipidemia and insulin resistance have
direct impacts on leukocytes and promote their activation. High glucose levels in blood also
directly stimulate inflammation. Acute hyperglycemia causes acute IL-1a, IL-4 and IL-6 ele-
vation. Even in healthy individuals, transient hyperglycemia induces major inflammatory
transcription factor NF-kb gene expression. Reactive oxygen species are overproduced by
leukocytes, and therefore many processes are compromised by oxidation [169,170].

Like other hyperinflammatory states, diabetes diminishes antimicrobial defenses. In
the steady-state the immune system is always hyperactive, but its real defense power is
low. Many studies report signs of pathological inflammation in diabetic ulcers [171–173].
Neutrophils have lower phagocytic activity index and intracellular killing activity. In
early stages of wounding leukocyte infiltration could be decreased, but in chronic state
neutrophiles and macrophages persist in wound margins. Finally, granulation tissue is
produced slower and ulcer re-epithelialization is worse [174].

7. Targeting Sympathetic Nervous System in Diabetic Ulcers

SNS-targeting drugs were studied in several works to improve wound healing in
different pathological conditions, but few of them were clinical trials. Timolol is one of
the most extensively studied β-blockers for wound healing. H. Albrecht et al. studied
combined thermal and radiation wounds in isolated human skin flaps. Beta-blocker timolol
increased wound epithelialization by 5–20% [175].

The first clinical trials of systemic timolol administration refer to burn healing, though
systemic effects in burns are distinct from regular wounds [176]. Topical timolol was
studied in a couple of case studies with different nosology and in a few small clinical
trials [177–179]. B. Thomas et al. conducted case-control study of topical timolol in chronic
leg ulcers of diabetic or venous origin. They have found significant changes in mean wound
area at 4, 8 and 12 weeks of complex treatment. Wound closure was almost two times
as fast in the timolol group in all three checkpoints. Diabetic wounds and venous ulcer
have shown similar response to treatment [180]. A. Ghanbarzamani et al. report positive
results treating 64 patients’ graft sites after burn treatment [181]. T. Baltazard et al. treated
40 patients with venous leg ulcers with timolol gel or control. Twice as many patients
in the timolol group demonstrated high ulcer area reduction [182]. For now, there are
no completed clinical studies examining, with a clear design, timolol in diabetic wound
healing. R. Caur et al. registered a phase two randomized clinical trial to test timolol in
diabetic ulcers treatment. As of 2022, there are 30 patients enrolled, and the study could be
completed in 2024 [183].

Topical muscarinic antagonists have shown preclinical effectiveness in reducing dia-
betic neuropathy symptoms, possibly through interaction with sympathetic nerve mem-
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branes. C.G. Jolival et al. reported results of 2% pirenzepine treatment in mice model
of streptozotocin-induced diabetes. Topical delivery dose-dependently prevented tactile
allodynia, thermal hypoalgesia and loss of epidermal nerve fibers. Drug withdrawal or
frequency reduction reversed the effects, so muscarinic antagonists provide local symp-
tomatic relief to diabetic neuropathy [184]. As far as we know, muscarinic antagonists
were not tested in wound healing. There are few reports about nAChR agonists and other
cholinergic agents in diabetic wounds healing. R.S. Dillon reported slower wound healing
in six patients with diabetic neuropathy after atropine application and faster healing after
methacholine (muscarinic agonist) application [185].

M. Kishibe et al. have studied topical nAChR agonists in diabetic mouse wounds. They
have found diminished bacterial survival and systemic dissemination, as well as reduced
wound TLR2 production. Reporting a7 nAChR impaired synthesis in human diabetic
skin, authors proposed that a reduced cholinergic response accounted for the excessive
inflammation [186]. M. Dong et al. have found that selective a7 nAChR agonist PNU282987
inhibits AGE-induced NF-kB activation and RAGE gene expression in diabetic wound
macrophages. A reduced TNF-a level in diabetic mice was accompanied by accelerated
healing rate, elevated fibroblast number and collagen deposition [187]. J-Y. Li et al. further
discovered the same results in uncovered (non-diabetic) wounds. In wounds, covered with
dressing, results were the opposite. nAChR7 activator inhibited re-epithelialization, angio-
genesis and epithelial proliferation. Possibly, the effects are opposite because inflammatory
processes are very different in covered and uncovered wounds [188]. Nicotine itself in low
doses topically has shown promising results in accelerating healing of different wound
types by angiogenesis promotion [140,189–191].

8. Conclusions

The sympathetic nervous system regulates skin homeostasis in different ways and at
multiple levels. Therefore, we tried to classify the existing knowledge in this topic. We
propose that there are three main ways SNS could interact with skin and wounds.

Firstly, vasomotor nerves suppress keratinocyte migration and proliferation, reducing
inflammation by catecholamines through β2-adrenergic receptors. They are activated only
by high norepinephrine concentrations; therefore, effects are prominent near vasoconstrictor
nerve endings. NPY released near the vessels has similar effects and prevents inflammation
and proliferation. Anti-inflammatory effects could be deleterious in the early stages of
normal wound healing and skin cells in wound area could repel nerve endings. Intact
skin vasoconstrictor nerve endings have a protective function and NPY also stimulates
angiogenesis, which is important for distant wound margin. In the reparation phase,
semaphorin concentration should fall, and regrowing nerve endings stimulate fibroblasts
activity and matrix deposition through β2-AR.

Secondly, the same norepinephrine from distant nerve endings could stimulate cells in
active wound centers through a1- and a2-adrenergic receptors. They display prominent pro-
inflammatory properties and induce an activated keratinocytes phenotype. This pathway
could be dangerous for patients with neuropathies, because a-adrenoceptors diminish
blood flow and inhibit angiogenesis. Therefore, phase transition could be compromised
and hyperinflammation could support chronic wounds. a-adrenoceptors also inhibit
fibroblast activity and delay functional restoration.

The third way is sudomotor activation by acetylcholine and VIP. Simultaneously, they
increase blood flow, induce angiogenesis, reduce inflammation, and stimulate keratinocytes
migration and proliferation. Some of these effects are mixed by minor types of cholinergic
receptors with opposite functions. Unfortunately, it is not clear when and where sudomotor
neurons take part in wound healing. We can speculate that they could be beneficial in the
proliferation and reparation phases. Probably, they are also repelled in acute inflammation
phase and do not have distant mode of action.

With this concept we could predict severe healing dysregulation after sympathetic
denervation. Lack of alpha-adrenergic stimulation will impair keratinocytes’ migration
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and decrease the healing rate. Early selective beta-adrenergic blockade could improve
fast re-epithelialization but could be detrimental later. Experiments with sympathetic
denervation generally lay in line with this hypothesis. Re-epithelialization is delayed,
and the wound healing rate is lower, while inflammation is increased after 6-OHDA
denervation. Functional beta-blockade impairs normal wound healing in some works,
improves it in others, while alpha-blockade always improves it. Because results do not
go in the same direction with 6-OHDA experiments, we propose that the sudomotor
nerve endings effects are missing as a major positive contribution. In diabetic wounds
beta blockade and cholinergic stimulation provide the best results in improving wound
healing. We propose that diabetic keratinocytes lack stimulation to the point that inhibitory
β2-adrenergic signals totally prevent re-epithelialization. While there are a few serious
trials, we must be cautious in our interpretations and keep in mind that β2-effects are
controversial in later stages of wound reparation. It is probable that experiments with VIP
or NPY could give us more hope in the future.
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Abstract: It is well established that decreases in plasma leptin levels, as with fasting, signal starvation
and elicit appropriate physiological responses, such as increasing the drive to eat and decreasing
energy expenditure. These responses are mediated largely by suppression of the actions of leptin
in the hypothalamus, most notably on arcuate nucleus (ArcN) orexigenic neuropeptide Y neurons
and anorexic pro-opiomelanocortin neurons. However, the question addressed in this review is
whether the effects of increased leptin levels are also significant on the long-term control of energy
balance, despite conventional wisdom to the contrary. We focus on leptin’s actions (in both lean
and obese individuals) to decrease food intake, increase sympathetic nerve activity, and support the
hypothalamic–pituitary–thyroid axis, with particular attention to sex differences. We also elaborate
on obesity-induced inflammation and its role in the altered actions of leptin during obesity.

Keywords: energy expenditure; brown adipose tissue; obesity; diet-induced thermogenesis; sex
differences; arcuate nucleus; paraventricular nucleus; obesity-induced inflammation; selective leptin
resistance; weight regain

1. Introduction

Energy balance is defined as food or energy intake minus energy expenditure, which
in turn is determined by internal work (energy expended by normal organ function, which
is dependent on ATP formation and ultimately results in heat) plus external work (skeletal
muscle activity). If food intake exceeds energy expenditure, because energy cannot be
created or destroyed (first law of thermodynamics), the excess energy is stored largely as
fat in adipose tissue. However, in young to middle-aged healthy individuals, body weight
remains remarkably constant over the long-term (months to years), despite widely varying
food intakes and energy expenditures [1–3]. Clearly, homeostatic mechanisms must exist
to ensure a constant body weight, which, ignoring changes in total body water content, is
proportional to fat content. This constancy makes teleological sense from an evolutionary
perspective, as a low fat content limits energy reserves during starvation and impedes
reproduction, whereas a high fat content impairs predatory survival.

While the mechanisms that underlie the control of food intake and energy expenditure
in the short-term (meal-to-meal) are fairly well understood, the mechanisms contributing
to the precision of long-term body weight control remain largely unresolved, with one
key exception: decreased levels of the hormone leptin, produced in and released from
adipose tissue in direct proportion to adipose size, signal starvation to the body, leading
appropriately to hunger and reduced energy expenditure [4,5]. Nevertheless, the normal
long-term stability of fat mass and body weight suggests that mechanisms must also exist
to suppress food intake and increase energy expenditure when the energy balance becomes
positive (albeit for relatively short but sustained periods). However, whether increases in
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leptin levels physiologically signal an adipose surfeit to suppress food intake and increase
energy expenditure is often disputed [5]. One argument against such a role is that acutely
large, non-physiological doses of exogenous leptin are required [5,6].

The purpose of this review was to consider evidence for and against a role for increases
in endogenous leptin in the long-term control of energy balance. Although leptin circulates
in plasma, the vast majority of its actions are mediated via binding to receptors in the
brain [4]. After central neuronal binding, leptins can influence the function of many organ
systems in addition to those involved in the regulation of energy balance, including the
hypothalamic–pituitary–thyroid (HPT) axis and the cardiovascular system [4]. The effects
of leptin on energy balance as well as on the cardiovascular system are mediated at least in
part by changes in the activity of autonomic nervous innervation of organs important in
the control of energy balance [4]. Therefore, we particularly focus on its actions to increase
sympathetic nerve activity (SNA).

2. Dissimilar Impact of Decreases versus Increases in Leptin

The discovery of leptin and the leptin receptor (LepR) pivoted on the generation of
two mouse models exhibiting extreme obesity: the ob/ob mouse (carrying mutations in the
gene responsible for the production of leptin) and the db/db mouse (carrying mutations
in the gene responsible for the production of LepR). With its discovery, it quickly became
clear that decreased leptin levels signal a negative energy balance (predominantly via the
JAK-Stat pathway [4]), largely mediated by reduced binding of leptin to its receptors in the
hypothalamus [4,5]. Hence, leptin is often called the “starvation hormone.” On the other
hand, normal plasma leptin concentrations are near a “threshold” level in most individuals,
such that the relationships between leptin and its actions are steep when leptin levels
fall, as during fasting, but further elevations in leptin seem to have minimal effects [5–8].
Explanations for these reduced effects include maximal receptor occupancy at physiological
leptin concentrations and, following leptin binding to its receptor, activation of short-loop
negative feedback systems via increased levels of the negative cellular regulator, suppressor
of cytokine signaling 3 (SOCS3) [9,10]. Nevertheless, it is important to note that most
studies documenting the relative resistance to increases in leptin levels utilized large,
supraphysiological, and often acute doses of leptin. Do these data, therefore, preclude a
role for increases in leptin within the physiological range?

Early research suggests not. Halaas et al. [11] convincingly demonstrated that long-
term (2–4 week) subcutaneous leptin infusions in rats, which produced an increase in
plasma leptin concentrations by as little as 40%, significantly decreased body weight by
both suppressing food intake and increasing energy expenditure. How is this possible
if maximal receptor occupancy already exists at normal plasma leptin concentrations?
Recent data highlights one explanation. With time (hours to days), leptin induces the
expression of its own receptor in two key hypothalamic sites, the arcuate nucleus (ArcN)
and the paraventricular nucleus (PVN) [12,13]. Leptin also induces the expression of its
receptor in cultured microglia [14]. Thus, sustained increases in leptin could effectively
increase its threshold level. While increases in most hormones typically trigger a negative
feedback decrease in receptor expression, the ability of leptin to increase the expression of
its receptor makes teleological sense in the light of leptin’s role in the long-term control of
energy balance. Given, as indicated above, that leptin’s acute effects are limited in part by
LepR expression, LepR upregulation due to sustained increments in leptin levels (signaling
energy or adipose excess) could unveil its latent anorexic and energy-expending actions.

Recent work suggests that the cellular actions of leptin on brain neurons may also
be amplified with time via synergism with other neurotransmitters or neuromodulators.
An example from our work: we investigated whether and how leptin in PVN increases
SNA and blood pressure, despite a scarcity of LepR. Bilateral PVN injections increased
lumbar SNA (LSNA), which innervates hindquarter skeletal muscle, as well as heart
rate, blood pressure, and brown adipose tissue (BAT) SNA, but the increases developed
slowly, reaching significance only after several minutes [12]. Interestingly, the slowly
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developing responses were associated with increased LepR expression (see above). These
results were consistent with previous studies demonstrating that intracerebroventricular
(ICV) leptin administration also slowly increased SNA and blood pressure [15,16] and
that prior ICV administration of leptin amplified the hypertension elicited by a second
leptin challenge [17]. Further studies revealed that the leptin-induced sympathoexcitatory
response depended in part on glutamate, likely via synergism with leptin directly on PVN
pre-sympathetic neurons, as previously shown in the hippocampus [18], as well as possibly
via the activation of glutamatergic interneurons.

3. Physiological Significance of Increases in Leptin
3.1. Neurocircuitry by Which Leptin Increases SNA and Energy Expenditure (Figure 1)

Before considering the data for and against a physiological role for increases in leptin
in long-term energy balance, it is necessary to outline the brain sites and pathways by
which leptin not only inhibits food intake and increases energy expenditure (via both BAT
SNA and the HPT axis), but also influences the function of the cardiovascular system.

It is well established that the ArcN is a central hub mediating the varied effects of
leptin on food intake and energy expenditure. Within the ArcN, key neuronal subtypes
include the orexigenic neuropeptide Y/Agouti-related protein (NPY/AgRP) neurons and
their counterpart, anorexic pro-opiomelanocortin (POMC) neurons [4,5] (Figure 1). NPY
neurons and the downstream neurocircuitry react quickly to stimulate food intake; however,
POMC neurons and downstream sites are only slowly engaged, particularly in the context
of the control of food intake [5,19]. Since hormones such as leptin excite POMC neurons,
this slow responsiveness is again consistent with leptin’s role in counteracting long-term
accrual of excess body fat. In turn, ArcN NPY and POMC neurons course to multiple
hypothalamic sites, most notably the PVN and DMH [19,20].
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Figure 1. Hypothalamic neurocircuitry by which leptin increases SNA and activates the HPT axis.
NPY: Neuropeptide Y; POMC: Pro-opiomelanocortin; ArcN: Arcuate nucleus; PVN: Paraventricular
nucleus; TRH: Thyrotropin-releasing hormone; TSH: Thyroid-stimulating hormone; TH: Thyroid
hormone; OT: Oxytocin; EE: Energy expenditure; BAT SNA: Brown adipose tissue sympathetic
nerve activity; RVLM: Rostral ventrolateral medulla; RPa: Raphe pallidus; DMH: Dorsomedial
hypothalamus. Green arrows: stimulatory; red arrows: inhibitory. See text for description and details.

Unlike the control of food intake, in which the ArcN is a major site of action, leptin
binds to receptors in several hypothalamic sites to increase the activity of sympathetic
nerves innervating many organs (kidney, muscle, gut, heart, BAT). Nevertheless, the ArcN
again appears to be primary, as ArcN lesions prevented the effect of intravenous (IV) leptin
to increase SNA [21] (Figure 1). Further evidence indicates that the PVN is also crucial in the

71



Int. J. Mol. Sci. 2023, 24, 2684

downstream neurocircuitry (Figure 1). More specifically, the sympathoexcitatory response
to ICV leptin (which presumably can access many hypothalamic sites [22]) was abolished by
nonselective blockade of the PVN [16], also suggesting that the PVN is a site of confluence,
regardless of where leptin is binding to initiate increases in SNA. Consistent with this
model, ArcN NPY neuronal fibers that project to the PVN tonically inhibit presympathetic
neurons reaching the brainstem cardiovascular center, the rostral ventrolateral medulla
(RVLM) [23,24], as well as the brainstem center regulating BAT SNA, the raphe pallidus
(RPa) [25] (Figure 1). In parallel, ArcN POMC neurons project to and excite presympathetic
neurons that increase LSNA (which innervates skeletal muscle) [16,24] and BAT SNA [26]
via release of alpha-melanocyte-stimulating hormone (α-MSH) (Figure 1). Importantly,
reversal of tonic NPY sympathoinhibition is required before α-MSH can stimulate PVN
presympathetic neurons [24].

The PVN contains at least four subsets of pre-sympathetic neurons that project to
the brainstem or preganglionic neurons in the spinal cord: those expressing corticotropin
releasing hormone (CRH), thyrotropin-releasing hormone (TRH), vasopressin, or oxytocin
(OT) [12,27,28]. Increased leptin levels inhibit ArcN NPY neurons and stimulate POMC
neurons, thereby increasing LSNA, splanchnic SNA (SSNA), and BAT SNA [12,24,29] via
both TRH and OT presympathetic neurons [12,25,30,31] (Figure 1). Leptin’s actions on
ArcN NPY and POMC neurons that project to the PVN also inhibit food intake [32]. Finally,
considerable information indicates that NPY neurons inhibit and POMC neurons stimulate
the release of TRH from PVN neurons that instead progress to the median eminence, where
thyroid-stimulating hormone (TRH) is released into the blood to stimulate the production of
thyroid hormone (TH) [33,34] (Figure 1). Therefore, leptin can increase energy expenditure
by both increasing TH levels as well as BAT SNA.

In addition to the ArcN, leptin is also capable of direct stimulatory actions on PVN
TRH neurons, despite a paucity of LepR [12,33,34] (Figure 1). These actions likely rely on
LepR receptor induction and synergism with glutamate [12], as described above. Direct
leptin stimulation of TRH neurons not only leads to increased production of TH, but it also
increases SNA to skeletal muscle (LSNA) and BAT [12], thereby reinforcing the effects of
ArcN leptin to increase energy expenditure via these same pathways.

A third hierarchical site of leptin action is the DMH, not only via direct actions [12,35–37]
but also possibly via indirect actions by suppression of ArcN NPY neurons [20,25] and
stimulation of ArcN POMC neurons that project to the DMH [26,38] (Figure 1). As in the
PVN, these actions lead to increases in LSNA and BAT SNA.

3.2. Diet-Induced Increases in Leptin

Given that leptin can induce the expression of its own receptor, are increments in
leptin levels physiologically significant? Leptin-induced increases in LSNA could serve,
over a longer time frame than insulin, to stimulate glucose uptake into muscle [39,40],
whereas increases in BAT SNA generate heat and increase energy expenditure, both of
which are appropriate actions in the face of increased body energy content, such as after
eating. Thus, one physiological paradigm that has been extensively studied is diet-induced
thermogenesis (DIT). It is important to emphasize, however, that while DIT was first
hypothesized to play a role in long-term energy balance, the term DIT has more recently
been used to describe the increases in body temperature and energy expenditure that
occur as a result of eating a single meal. To distinguish between these two phenomena
with widely differing time frames, we refer to the latter as “meal-induced thermogenesis”
or MIT.

MIT results from the thermic effects of the digestion and absorption of food, largely
of protein and carbohydrates; storage of excess food stuffs increases energy expenditure,
but not heat (for reviews, see refs. [41–44]). In addition, while somewhat controversial due
to the varying indirect approaches used to measure BAT activity, considerable evidence
suggests that eating leads to BAT activation in both rodents and humans, in part mediated
by increased BAT SNA (for reviews, see ref. [41,43,44]). Leptin increases BAT SNA and BAT
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thermogenesis [45] and leptin levels increase after eating; therefore, does leptin contribute
to MIT? In humans, plasma leptin levels rise hours after eating [46,47], emphasizing its role
in the long-term control of energy balance, but the rise occurs only after MIT has subsided,
thus disputing a role of leptin in MIT. On the other hand, a recent study showed that re-
feeding starved (48 h) rats increased body temperature and energy expenditure [48], and in
parallel, leptin levels increased from low to normal. Further experiments revealed that the
rise in body temperature, which was mediated by BAT activation (prevented by blockade
of SNA or removal of BAT) but not an increase in energy expenditure, was dependent on
leptin. Nevertheless, in this experimental paradigm, leptin levels increased from below
normal back to normal, which again emphasizes the important physiological role of low to
normal leptin plasma concentrations (although, notably, increases in leptin to twice normal
levels evoked further increases in body temperature in this study). Thus, current evidence
supports a major role for leptin in MIT or MIT-induced BAT activation only when its levels
are low, as during fasting.

On the other hand, Rothwell and Stock’s groundbreaking work suggested that leptin
is critical to the increase in BAT-induced thermogenesis (DIT) that occurs in response to
long-term overeating. In their experiments, rats fed a cafeteria diet to induce voluntary
hyperphagia exhibited minimal body weight gain because of reduced feeding efficiency
due to BAT activation, heat dissipation, and increased energy expenditure [49,50]. Evidence
supporting a major role for leptin in increased heat production was that reduced feeding
efficiency and DIT were not observed in ob/ob mice [51,52]. When humans were overfed
for short periods, they also exhibited a compensatory increase in energy expenditure
(independent of the increase in body mass) [5,53]. However, it is unknown whether this
long-term DIT in overfed humans depends on leptin, although a case has been made for its
existence [19,50]. On the other hand, a recent study suggested that another, unidentified,
catabolic factor released from adipose tissue inhibited food intake and reduced feeding
efficiency in mice overfed for days via gastric infusion [54]. Nevertheless, a role for leptin
was not eliminated, since mice in which leptin levels were clamped below normal ate more
after release from overfeeding than mice in which leptin levels were allowed to increase
with fat mass. Therefore, current evidence implicates at least a partial role for leptin in DIT,
but clearly more work is required; in particular, long-term challenge studies in humans
need to be conducted.

4. Obesity-Induced Increases in Leptin

As indicated above, in the steady-state, energy (food) intake equals energy expended
plus storage primarily in adipose tissue. Therefore, storage = food intake − (internal heat +
external work). This relationship is the basis of the general consensus that obesity (excess
storage) “is the consequence of small, cumulative imbalances between energy intake and
expenditure” [5,55]. Nevertheless, some researchers have hypothesized that obesity could
instead originate from derangements in food-partitioning or storage mechanisms ([56],
see also ref. [5,57]). If so, then in order for obesity to occur, again there must also be
derangements in the mechanisms that signal increased adiposity to the brain (such as
leptin) and nullification of the subsequent, homeostatic, long-term control of food intake
and/or expenditure that would tend to counteract increased adiposity. Therefore, in
either case, there must be changes in these homeostatic mechanisms to ultimately allow
small persistent increments in adipose to transpire in non-obese individuals. What are
these changes? Many explanations have been suggested, including inherited, multi-modal
genetic mutations or epigenetically modified genes, as well as environmental factors such
as dietary composition, physical activity level, or social and hedonistic influences [5,58].
As an example of the latter, it is well known that many people gain weight during holiday
periods [59] and that this excess weight can be sustained [60].

Regardless of how the obese state evolves, it is well established that excess adiposity
yields the expected increases in plasma leptin levels. Nevertheless, the elevated leptin
levels clearly fail to effectively suppress food intake or increase energy expenditure due to
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“leptin resistance” [5] (Figure 1). Thus, the excess adiposity comes to be considered normal.
In other words, since increased leptin levels normally mitigate against the long-term accrual
of body fat, there must be a factor that counteracts this normal response such that there is
a shift in the threshold or “setpoint” of body weight maintenance to a higher leptin level.
A hotly debated question is: why? One mechanism to explain the reduced effectiveness
of elevated plasma leptin levels to counteract increased adiposity is that the transport
of leptin from plasma to the brain is attenuated [61,62]. Second, while LepR-expressing
hypothalamic neurons critical in the regulation of food intake and energy expenditure
retain responsiveness to leptin in obese animals [10,63], responses were reduced with
ICV administration of leptin, which bypassed the blood-brain barrier (BBB) transport
mechanism [22,61,62]. Thus, leptin still bound and activated its receptor; however, the
degree of activation and/or downstream signaling was less than predicted based on leptin
levels alone. As a result, ArcN NPY levels were relatively increased and POMC levels
were decreased [64]. What then attenuates the responsiveness of hypothalamic LepR to
plasma leptin?

Obesity Suppresses Leptin’s ArcN Anorexic Actions

As described above, one mechanism that normally tends to minimize leptin’s inhibi-
tion of food intake and increase in energy expenditure is near maximal LepR occupation,
although this limitation can be overcome with time by leptin’s ability to induce the expres-
sion of its own receptor. Therefore, obesity could also reduce leptin responsiveness or shift
the leptin setpoint by hindering leptin induction of its own receptor. In support of this
view, while obesity has been shown to increase LepR expression in the ArcN [10,13], the
administration of leptin to further increase plasma levels in obese mice failed to induce
additional LepR expression, unlike in lean mice [13]. Thus, leptin-induced increased LepR
expression appears to be restrained during obesity, thereby contributing to a reduction in
leptin’s actions.

With obesity, elevated levels may also suppress the ability of leptin to inhibit food
intake via induction of cellular signaling negative feedback mechanisms, as described
above, such as SOC3 and the tyrosine phosphatase, PTP1B, both of which are increased,
specifically in the ArcN [10,65]. A recent study proposed that leptin’s ability to mute its
own actions via this feedback is a major contributor to leptin resetting [10,65] and that
small decreases in leptin levels could actually unmask its anorexic actions. However, if so,
why is weight loss in obese individuals, which is accompanied by a decrease in plasma
leptin levels, so difficult to maintain (i.e., the fall in leptin levels causes hunger and reduced
energy expenditure rather than reduced hunger; see below)?

In addition to limits in hypothalamic LepR expression and induction of cellular nega-
tive feedback signaling pathways, significant evidence indicates that obesity also induces
hypothalamic inflammation, microglia activation, and cytokine production [64,66], which
correlates with and contributes to ArcN leptin resistance [5]. The inflammation associated
with obesity is a classic example of a low-grade systemic response affecting the whole
body, brain included [67]. This low-grade, sustained over time, inflammatory response
has also been termed metabolic inflammation or meta-inflammation [68]. We will now
describe immune derangements, beginning first with peripheral inflammation and then
the occurrence and mechanisms of central inflammation.

5. Obesity: A State of Inflammation
5.1. Obesity-Induced Systemic Inflammation

Adipose tissue is directly involved in immune function. Adipocytes and macrophages
have many characteristics in common; indeed, pre-adipocytes can differentiate into
macrophages [69]. White adipose tissue (WAT) has the ability to release more than 600 dif-
ferent bioactive molecules, including cytokines and chemokines, which are collectively
known as adipokines [70–72] (Table 1).
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Table 1. Obesity-induced cytokine responses.

Cytokine Description Changes with Obesity

Leptin

Pro-inflammatory adipokine released by fat
cells. Stimulates T cells, macrophages, and

neutrophils to release pro-inflammatory
cytokines [73]. Leptin is essential for normal
T-cell proliferation and its deficiency causes

thymus atrophy and severe immune
dysfunction [73,74]. Surprisingly, leptin

improves survival during sepsis [75].

Levels directly related to fat stores; increase
with obesity. WAT inflammation was strongly

reduced when LepR was knocked out in
leukocytes in DIO mice [76].

Adiponectin
An anti-inflammatory adipokine that

modulates a number of metabolic
processes [77].

Adiponectin circulating levels are usually
inversely proportional to the level of visceral
adiposity; therefore, obese individuals have

very low levels of adiponectin [78]. The
adiponectin–leptin ratio is often considered a
functional marker of inflammation associated

with obesity [77].

Resistin

Also known as adipose tissue-specific secretory
factor, it plays a role in the pathogenesis of

atherosclerosis by enhancing the synthesis of
hepatic LDL [79].

Elevated with non-morbid obesity. Acts locally
on leukocytes, located in the WAT, to induce

the release of pro-inflammatory cytokines [80].

Tumor necrosis factor α (TNF)

TNF is a necessary and sufficient mediator of
inflammation, acutely released by

macrophages, T cells, and natural killer cells
during infection [81]. TNF is also released by

adipocytes [82].

Its plasma levels are generally high in obese
individuals, especially in those presenting
visceral obesity rather than subcutaneous

obesity [83]. However, it is not clear whether
its levels decrease after weight loss [84].

IL-6

A proinflammatory cytokine produced by
immune, endothelial, and muscle cells as well
as adipocytes [70]. Surprisingly, an anti-IL-6
antibody therapy, used for the treatment of

rheumatoid arthritis, causes weight gain [85]

Plasma levels are correlated with BMI and
especially with adipose tissue mass [86].

Surgery- induced weight loss is associated
with a significant decrease in IL-6 levels [87].

Monocyte chemoattractant
protein-1 (MCP-1)

Key chemokine that regulates migration and
infiltration of monocytes and

macrophages [88].

Circulating MCP-1 levels do not differ between
lean and obese individuals [89]; however,

levels of this chemokine increase selectively in
the WAT of obese adults [90]. MCP-1 levels in
plasma significantly decrease after Roux-en-Y
Gastric Bypass (RYGB) surgery or a low calorie

diet [70,91].

Interleukin 8 (IL-8) Pro-inflammatory and chemoattractant
cytokine [92].

Systemic levels are closely correlated with BMI,
waist circumference, and other obesity-related

parameters [93]. Weight loss is not always
associated with a decrease in IL-8 plasma

levels; in fact, low calorie diet-induced weight
loss is associated with an increase in IL-8 levels

[94], whereas weight loss induced by RYGB
produces a decrease in IL-8 levels [95].

Interleukin 10 (IL-10)
Anti-inflammatory cytokine released by M2
macrophages, Th2 T cells, neutrophils, and

adipocytes [96].

Systemic IL-10 levels are generally inversely
correlated with BMI and body fat percentage

[70,97]. Nevertheless, plasma IL-10 levels have
been reported to be elevated in obese women;
however, obese women with lower IL-10 levels

were more prone to develop metabolic
syndrome [98].
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Table 1. Cont.

Cytokine Description Changes with Obesity

C-reactive protein (CRP) Released by hepatocytes in response to trauma,
infection, or injury [99].

CRP levels are significantly higher in obese
individuals than in lean subjects [86] and

decrease with diet or weight loss induced by
surgical intervention [100,101], making it a

good marker of meta-inflammation.

Transforming growth factor β
(TGF-β) Cytokine released by all leukocytes [102].

Regardless of the location of fat mass, obesity
is associated with enhanced levels of TGF-β

[103], while weight loss decreases TGF- β
circulating levels [104].

The concept that obesity is associated with a low-grade inflammatory state stems
from demonstrations that circulating levels of interleukin-6 (IL-6) and C-reactive protein
(CRP), both pro-inflammatory markers, are elevated in obese animals and humans [105],
while they decrease back to normal levels after weight loss [84]. In addition, obesity can
be associated with an increase in the number of circulating neutrophils and other white
blood cells (WBCs) but a specific decrease in cytotoxic T cells and NK cells [106,107]. The
inflammation can be widespread: Fischer and colleagues showed that a high fat diet (HFD)
for 20 weeks induced increases in body weight, glucose intolerance, and inflammation in
the liver, perigonadal fat, and subcutaneous fat in mice. Most of these parameters returned
to normal after 7 weeks of a low fat diet (LFD); however, inflammation persisted in the
liver and perigonadal fat, which becomes critical in the context of sustained weight loss
(see below) [108].

The low-grade systemic inflammatory status associated with obesity likely evolves
from several sources [71]. As previously reviewed in detail [55,109], the number of
adipocytes is set or locked in parallel with a low level of constant turnover in humans
after the age of about 20. As a result, as lipid storage needs and adiposity increase, the
excess lipid requires an enlargement of resident adipocytes. In turn, adipose cell growth
necessitates a remodeling of the extracellular matrix (ECM) to support the larger fat cells,
ultimately leading to fibrosis [109]. In addition, the increased adipocyte size causes hypoxia,
oxidative stress [110], and the active secretion of cytokines. These adverse changes trigger
infiltration of leukocytes into the adipose tissue [70,109]. The adaptive immune remodeling
of WAT, in part induced via the recruitment of WBC by the chemokine, CxCl12 [111],
parallels the increased expression of pro-inflammatory markers in adipose tissue [112].
Hypertrophic adipocytes can also eventually burst, thereby worsening the local inflamma-
tory response [70]. WAT inflammation can therefore trigger a vicious cycle through which
other organs become inflamed and the inflammation emanating from local sites yields
increased systemic inflammation. Obesity can also induce an increase in gut permeability,
which if exaggerated, might lead to endotoxemia [i.e., increased levels of lipopolysaccha-
ride (LPS)] [113–115]. Finally, obesity is associated with an increase in SNA to the muscle
and kidney (see below) [116,117]. Sympathetic nerves are a double-edge sword when we
consider their role in the control of immune function: they promote anti-inflammatory
effects during the course of a systemic infection [118,119], but they also have the ability to
mediate pro-inflammatory effects when chronically overactivated [120,121], as is the case
in obese people. Sympathetic nerve activation in WAT is also associated with enhanced
non-esterified fatty acids and cytokine loads in the adipose microenvironment, includ-
ing that of pancreatic fat, which likely impair beta-cell function and contribute to insulin
resistance [122].

5.2. Obesity-Induced Neuroinflammation

Obesity triggers inflammatory responses in several areas of the CNS, including the hy-
pothalamus, mediated by microglia and astroglia activation and proliferation. Importantly,
hypothalamic inflammation first identified in preclinical studies has also been detected in
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obese humans [123,124]. Multiple mechanisms are likely involved. The first description
of obesity-induced hypothalamic inflammation came from the work of De Souza and
colleagues [125]. These authors showed that a high fat diet (HFD) for 4 months produced
high levels of IL-1β, TNF, and IL-6 in the hypothalamus of rats, mediated through the JNK
and NF-kB pathways. This was later confirmed in obese mice subjected to a much more
restricted period of HFD (24–72 h) [123]. In the short term, saturated fatty acids (SFAs),
especially long chain SFAs, bond to TLR-4 and triggered the classic pro-inflammatory
physiological response [126].

The hypothalamic inflammatory response, therefore, can precede systemic inflamma-
tion and the establishment of obesity, suggesting a possible causal role for neuroinflamma-
tion in initiating a pathophysiological response that leads to obesity. Several studies support
this scenario: (1) Specific and selective deletion of IKKB, a key protein involved in the
intracellular inflammatory cascade response, in hypothalamic astrocytes reduced the sus-
ceptibility of mice to diet-induced obesity [127]. (2) In rats fed a HFD, ICV administration of
IL-4, a key regulator in humoral and adaptive immunity, further increased HFD-mediated
hypothalamic inflammation and caused even more excessive weight gain. If the rats were
treated with an IKKB–NF-kB blocker, body weight and fat mass decreased [128]. (3) The in-
hibition of microglial expansion in the ArcN limited food intake with subsequent decreases
in body weight and fat content in mice [129]. (4) One to three days of HFD increased the
expression of the chemokine, CX3Cl1, in the hypothalamus of mice that were obesity-prone
but not in those that were obesity-resistant. Inhibition of CX3Cl1 reduced the glucose
intolerance and fat content of obesity-prone mice without affecting their body weight [130].
(5) Five days of HFD induced an overexpression of CXCl12 and its receptors, CXCR4 and
CXCR7, both in the PVN and lateral hypothalamus (LH). Hypothalamic administration of
CXCl12 in normal diet (ND)-fed animals recapitulated the effects of HFD consumption; it:
(i) reduced novelty-induced locomotor activity, (ii) increased encephalin gene expression in
the PVN, and (iii) induced an overconsumption of HFD rather than ND if the rats had a
choice. Collectively these responses contributed to weight gain [131].

With chronic obesity, a second contributor to hypothalamic inflammation may be
peripheral inflammation. Several adipokines, such as leptin, as well as cytokines, can cross
the BBB to activate microglia [71,132]. Other potential, but to our knowledge currently
unproven, scenarios include: (1) HFD rapidly alters the gut microbiome and increases gut
permeability, leading to leakage of bacterial LPS into the blood [114,115] and activation of
brain microglia [133,134]. Microglia activation may be direct, as LPS or its components has
been shown to bind to brain endothelial cells and tanocytes and enter the brain, possibly
via a lipoprotein transport mechanism [135]. Interestingly, LPS can also activate iNOS,
which has been shown to trigger the transformation of ArcN perivascular macrophages into
microglia-like immune cells, which move into the brain parenchyma [136]. Alternatively,
SFA or gut bacteria (or their byproduct, LPS) may activate vagal afferents [137,138], which
can increase hypothalamic inflammation [139]. Intriguingly, LPS, like obesity, has been
shown to cause leptin resistance via induction of the negative cellular regulator, PTP-
1B [140]. (2) Systemic inflammation can lead to disruption of the BBB, promoting leukocyte
extravasation and increasing diffusion of solutes across the BBB, including the entry of
pathogens and toxins in the brain parenchyma. This has the ability to trigger a vicious cycle
responsible for inducing further inflammation [141].

5.3. Potential Actions of Leptin to Facilitate Inflammation with Obesity

The most direct evidence for a role of leptin in establishing the low-grade systemic
inflammatory response associated with obesity is that WAT inflammation was strongly
reduced when LepR were knocked out in mouse leukocytes [76]. Leptin also directly
stimulates T cells, macrophages, and neutrophils [73] and is essential for normal T-cell
proliferation; its deficiency caused thymus atrophy and severe immune dysfunction [73,74].
In addition to systemic proinflammatory actions, leptin may also enable central inflamma-
tion. For example, by binding to brain endothelial receptors, leptin promoted neutrophil
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migration to and into the brain following LPS administration [132,142]. Indeed, obesity, via
increased leptin levels, exaggerated the neuroinflammatory response to LPS administration
(for review, see ref. [71]). However, to our knowledge, a specific role for increased leptin lev-
els in facilitating or mediating brain inflammation during obesity has not been established.

6. Obesity Induces Selective Leptin Resistance

The information summarized above suggests that, in obese individuals, elevated leptin
levels fail to adequately suppress food intake or increase energy expenditure (i.e., leptin
resistance) due to hypothalamic inflammation, maximal LepR occupancy, and decreased
LepR responsiveness secondary to cellular negative feedback inhibition. However, much
of the extensive research on this topic has been conducted without specific attention to
potential sex differences. It is well-established that plasma leptin levels are higher in females
than in males, either lean or obese. The pioneering studies of Clegg and colleagues [143]
also documented that females are more responsive to the anorexic actions of leptin than
males due to the sensitizing effects of estrogen. Nevertheless, the fact that women, like
men, become obese despite elevated leptin levels suggests that resistance to the anorexic
actions of leptin do develop, although preclinical studies suggest that a longer time on a
HFD is required [144,145]. Clearly, more work is needed.

While, especially in males, the anorexic responses to leptin dissipate with obesity,
leptin’s ability to influence other systems remains intact or is even enhanced, giving rise
to so called “selective leptin resistance.” This selectivity is apparent on at least two levels:
(1) within the ArcN, obesity suppresses the effect of leptin to inhibit food intake but not
its control of other modalities; and (2) leptin’s ability to suppress food intake and trigger
appropriate signaling mechanisms that underlie the regulation of many modalities are
muted in the ArcN but not in other leptin-receptive hypothalamic sites. As with the
anorexic actions of leptin, sex differences have also been observed. We will address two
of leptin’s effects that elude the development of resistance: leptin-induced activation of
cardiovascularly relevant SNA and the HPT axis, including what is currently known about
sex differences.

6.1. Selective Leptin Resistance in the ArcN: Preserved Leptin-Induced Increases in SNA (in
Obese Males)

The concept of selective leptin resistance was first identified in the context of leptin-
induced activation of the sympathetic nervous system and its contribution to obesity-
induced hypertension. As nicely summarized in their review [146], Mark and colleagues
were the first to show that leptin’s actions to suppress food intake and increase energy
expenditure were suppressed in genetic mouse models of obesity and diet-induced obesity,
but its ability to increase renal SNA (RSNA) was preserved or enhanced. Head and
colleagues similarly reported that in HF diet-induced obese compared to lean rabbits, ICV
administration of leptin induced larger increases in RSNA but smaller increases in c-fos
in many hypothalamic regions, including the ArcN and PVN [22], again highlighting the
selective preservation of leptin’s sympathoexcitatory mechanisms despite more global
cellular resistance.

As recently reviewed [24,147], several lines of evidence indicate that elevated lep-
tin levels in obese males increase SNA and can, if it occurs, contribute to hypertension:
(1) increases in MSNA correlate with leptin and adiposity levels in humans [24,148–151];
(2) nonspecific blockade of the ArcN or PVN decreased SNA and blood pressure in obese
rodents [152,153]; and (3) selective blockade of LepR, including specifically in the ArcN,
decreased SNA and blood pressure in obese animals [21,154,155]. Recent work has in-
vestigated whether changes in the function of ArcN NPY or POMC neurons in males
with obesity underlie sensitization to the sympathoexcitatory effects of leptin and/or its
metabolic partner, insulin. Briefly, the data suggest (see ref. [24] for a review) that tonic
inhibition of PVN presympathetic neurons by NPY is absent in obese males, allowing
sympathetic stimulation by leptin and insulin to progress unimpeded [156]. In addition,
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it appears that simultaneously enhanced signaling mechanisms in ArcN POMC neurons
mediate the amplified sympathoexcitation to leptin and insulin [153].

One mechanism that has been hypothesized to mediate the select preservation of
leptin-induced actions within the ArcN is that different leptin-induced signaling pathways
are engaged in resistant versus sensitive neurons [146,157]. Another hypothesized mech-
anism involves the actions of the renin-angiotensin system (RAS) in the brain, since the
sympathoexcitatory and hypertensive actions of leptin require functional AngII type 1 re-
ceptors (AT1aR), whereas the anorexic effects apparently do not [24,146] (Figure 2). Similar
to leptin and insulin, AngII in the ArcN increased SNA and blood pressure [158,159] in male
rats through binding to AT1aR; the downstream pathway depended upon inhibition of NPY
and stimulation of POMC neurons that project to the PVN [159]. A detailed neuroanatom-
ical assessment of the location of AT1aR in the ArcN of male rats [159,160] revealed that
(1) approximately 10% of AT1aR were expressed on NPY neurons; (2) AT1aR were rarely
found on POMC neurons (4%); (3) instead, AT1aR were expressed largely in neurons that
co-expressed both tyrosine hydroxylase (TyH; dopaminergic) and VGat2 (GABAergic) (see
also ref. [161]); (4) LepR positive neurons rarely co-expressed AT1aR. The distribution of
AT1aR in the mouse ArcN differed in that AT1aR were more commonly found in NPY- and
LepR-containing neurons, although the paucity of AT1aR in POMC neurons was similar
(2%) [162]. Based on information in rats, it was hypothesized that ArcN AngII increases
SNA through either direct or indirect (via stimulation of TH/GABAergic interneurons)
inhibition of sympathoinhibitory ArcN-to-PVN NPY neurons. This NPY disinhibition
allows other stimulatory factors to activate sympathoexcitatory POMC neurons, such as
AngII, leptin, insulin, or even inflammation. Obesity activates the RAS both systemically
and centrally [163–165]. Therefore, one hypothesis to explain the select sensitization of
ArcN presympathetic neurons to leptin in obese males is that this very small cohort of
sensitized neurons are those that co-express AT1aR with POMC and/or LepR.
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Figure 2. Hypothesized mechanisms underlying sex differences in the actions of elevated leptin and
insulin levels to increase SNA during obesity. NPY: Neuropeptide Y; POMC: Pro-opiomelanocortin;
ArcN: Arcuate nucleus; AngII: Angiotensin II; Ang-(1–7): Angiotensin 1–7; TyH: Tyrosine hydrox-
ylase (marker of dopaminergic neurons); GABA: Gamma-aminobutyric acid; E2: Estrogen; SNA:
Sympathetic nerve activity. Green arrows: stimulatory; red arrows: inhibitory. Dotted arrows indicate
that NPY and POMC presympathetic neurons are resistant to the actions of leptin or insulin in obese
females, whereas these actions are enhanced in obese males. See text and legend to Table 2 for details.
Adapted in part from [24].
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The situation in females is quite different. While increases in MSNA correlate with
adiposity in men, a similar correlation is generally not observed in women (for reviews, see
ref. [24,149,165]). At least two factors may be involved: (1) In lean males, leptin increases
the activity of several sympathetic nerves; yet, in lean females, leptin’s stimulation of some
sympathetic nerves can vary with the reproductive cycle. More specifically, similar to
leptin’s anorexic actions in females [143], leptin-induced increases in LSNA and RSNA
require proestrus (heightened) levels of estrogen, whereas increases in SSNA and HR do not
vary during the estrus cycle and are similar between males and females [15]. Therefore, the
dependence of leptin on elevated estrogen levels to increase lumbar (preclinical studies) or
muscle (humans) SNA may lead to cycle-mediated variability that disrupts any correlation.
(2) Strikingly, unlike in obese males in which the sympathoexcitatory responses to insulin or
leptin can be enhanced (see above), insulin [156] and leptin (Shi and Brooks, unpublished
data) fail to increase SNA in obese females; in other words, obese females come to exhibit
leptin and insulin resistance rather than sensitization to its sympathoexcitatory actions.
Investigations of the mechanism revealed that tonic PVN NPY sympathoinhibition is not
reduced in obese females as it is in obese males, but it is unchanged [156]. More importantly,
the tonic NPY sympathoinhibition was not inhibitable (by insulin), thereby imposing an
irreversible blockade of sympathoexcitatory inputs.

In obese females, several possible (but unproven) mechanisms may resist the sym-
pathoexcitory effects of leptin or insulin [24,163,166] (Figure 2): (1) POMC neurons were
never found to co-express AT1aR, preventing this direct route of activation; (2) AT1aR
expression is induced by progesterone, as during estrus or pregnancy (when ArcN AT1aR
levels can become very high), but obesity tends to decrease progesterone levels; (3) obesity
in females is not associated with central inflammation; and (4) obesity in females activates
the anti-hypertensive arm of the RAS, Ang-(1-7), which could counteract AT1aR-mediated
sympathoexcitation and hypertension, specifically in the ArcN.

6.2. Preserved or Enhanced Leptin Responsiveness in the PVN and DMH: Leptin Support of the
HPT Axis and of BAT SNA with Obesity

In lean animals and humans, fasting suppresses the HPT axis and energy expenditure
via a concurrent decrease in plasma leptin levels through reversal of leptin’s tonic inhibition
of ArcN NPY neurons and excitation of ArcN POMC neurons that project to PVN TRH
neurons [33,34,167]. The direct effect of leptin on PVN TRH neurons is not involved, which
is not surprising, given the marked paucity of LepR in the PVN compared to that in the
ArcN. As described above, obesity renders ArcN NPY and POMC neurons resistant to
leptin, including those that influence PVN TRH neurons. However, obese humans and diet-
induced obese rats continue to demonstrate normal or even elevated TRH levels and activity
of the HPT axis in both males and females [168–172]. At least in males, this enhanced HPT
axis activity is instead mediated by the direct actions of leptin to stimulate PVN TRH
neurons [168], perhaps through an upregulation of PVN LepR, although this has not been
directly tested. With obesity, the direct action of leptin on PVN TRH presympathetic
neurons that project to the RVLM may also contribute to hypertension, since knockdown of
hypothalamic preproTRH normalized blood pressure in hypertensive diet-induced obese
rats [173].

Finally, evidence supporting sustained activation of DMH leptin-receptive neurons
was demonstrated in obese mice. More specifically, leptin activated BAT in DIO and ob/ob
mice in the face of muted anorexic actions. Blockade of LepR in the DMH prevented the
activation of BAT by leptin, implicating a role for this hypothalamic site in the sustained
thermogenic effects of leptin during obesity [35].

A summary of the sites and mechanisms of select leptin resistance in males versus
females is provided in Table 2.
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Table 2. Selective Leptin Resistance: Summary of Sex differences.

Males Females

Lean Obese Lean Obese

Plasma leptin levels _ ↑ ↑ ↑↑
Food intake with
increased leptin ↓ _ ↓↓ (dependent

on estrogen) _

LSNA with increased leptin ↑ ↑↑ ↑ (dependent
on estrogen) 0

SSNA with increased leptin ↑ ? ↑ ?

Tonic PVN NPY
sympathoinhibition _ ↓(0) _ _

PVN POMC (α-MSH)
sympathoexcitation _ ↑ _ ↓

HPT axis _ _ _ _

HPT axis: support
mediated by ArcN leptin _ ↓ _ ↓ (?)

HPT axis: support
mediated by PVN leptin 0 ↑ 0 (?) ↑ (?)

Table 2. While the increased leptin levels that occur with obesity fail to suppress food intake in both sexes, its
actions to increase SNA are increased in males (which can cause hypertension) but nullified in females (obese
reproductively active females do not exhibit increased SNA). These sex differences appear to pivot on differential
changes in the ArcN. More specifically, obese males exhibit sustained suppression of tonically inhibitory ArcN
NPY neurons and activation of POMC neurons that project to the PVN. In addition, the data indirectly suggest
that increased drive of PVN presympathetic TRH neurons due to increased expression of PVN LepR and leptin
binding may also contribute to hypertension development. In contrast, obesity leads to leptin resistance in ArcN
NPY and POMC presympathetic neurons in females. In both sexes, the activity of the HPT axis is maintained
or increased. In males, there is evidence that despite the development of resistance to leptin in ArcN NPY and
POMC neurons that control the HPT axis, TRH/TSH or thyroid hormone levels are normal or elevated due to
increased stimulation of PVN TRH neurons by endogenous leptin, possibly in part because of elevated LepR
expression. The symbol “_” denotes the response in lean males to which all other responses are compared. ↑:
increased; ↑↑: increased more compared to other ↑ in rows; ↓: decreased; ↓↓: decreased more compared to other ↓
in row; ?: unknown or unclear.

6.3. The Role of Leptin in Weight Regain

Multiple studies, including those based on the show “The Biggest Loser,” have clearly
documented that the increased body weight of obese individuals is homeostatically de-
fended such that it is nearly impossible to maintain weight loss [5,8,109,174]. While several
factors fuel this recidivism [8,109], here we focus on the contribution of sustained leptin
resetting. More specifically, elevated leptin levels fall with weight loss, which act inappro-
priately as a starvation signal to increase hunger and decrease energy expenditure in both
men and women [8,174–176] due to activation of NPY neurons and inhibition of POMC
neuron, in the ArcN (i.e., unremitting leptin resetting) [5,109]. Nevertheless, the activity of
systems exhibiting sustained leptin sensitivity with obesity, such as the HPT axis and SNA
to the vascular beds of cardiovascularly relevant organs, decreases with weight loss, leading
to resolution of hypertension [177,178] and a decrease in TH levels. Thus, the decrease in
energy expenditure (relative to body weight) is mediated in part by suppressed activity of
BAT as well as of the HPT axis [174,179,180]. Evidence that irreversible leptin resetting and
decreasing leptin and TH levels are a major contributor to the inability of formerly obese
humans to maintain weight loss is that leptin and/or thyroxine administration increased
the indices of SNA and also supported weight loss [181–183]. This sustained leptin resetting
seems to dispute the hypothesized action of decreases in endogenous leptin (such as with
weight loss) to enhance LepR responsiveness via decreases in negative signaling regulators
or a role for maximal LepR occupation as major contributors to the leptin resetting with
obesity. Therefore, the question then becomes: which mechanisms underlie sustained leptin
resetting of the control of food intake in formerly obese individuals? One such mechanism
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pivots on the failure of obesogenic adipose inflammation to dissipate with a reduction in
body weight and adipose tissue.

As described above, adipocytes enlarge with obesity, thereby promoting inflammation.
However, as fat cells shrink due to a negative energy balance and weight loss in obese
individuals, mechanical stress in the ECM ensues along with maintained fibrosis and ac-
companying sustained or even augmented adipose tissue inflammation [108,109,184–187],
despite the resolution of systemic and muscle inflammation and improved glucose han-
dling. Importantly, the sustained adipose inflammation is associated with sustained or
increased hypothalamic inflammation, as deduced from the expression levels of cytokines
and other inflammatory mediators in hypothalamic tissue blocks [188–190], as well as
immunohistochemical assessment of iba-1, a microglial marker, in the ArcN [64,191].

Additional indirect evidence that unrelenting hypothalamic inflammation mediates
sustained leptin resetting during obesity reversal is that the two treatments that most suc-
cessfully support long-term weight loss and reverse leptin resetting also reverse hypotha-
lamic inflammation: Roux-en-Y gastric bypass (RYGB) [192] and liraglutide [a glucagon-
like-peptide 1 (GLP-1) agonist] treatment [64]. Unlike calorie restriction, which causes
weight loss in association with increased ArcN orexigenic NPY/AgRP expression and
decreased anorexigenic POMC expression, RYGB decreases body weight without changes
in these neuromodulators [190,193–195]. In parallel, RYGB decreases hypothalamic indices
of inflammation [190,192,196] and increases leptin sensitivity [192,194]. However, while
RYGB can decrease adipose inflammation, this has not been a consistent finding [197–199];
therefore, are there other mechanisms that might explain how RYGB reverses hypotha-
lamic inflammation? Current hypotheses stem from changes in gut function [195]. First,
modification of the intestinal microbiome may reduce systemic metabolic endotoxicity,
which is known to impact the hypothalamus in such varied conditions as cancer-induced
cachexia and autonomic responses to bacterial toxemia [192]. Second, levels of GLP-1,
a peptide released from the small intestine, are significantly increased after RYGB [195]
and exert anti-inflammatory effects [200]. As mentioned above, liraglutade is a GLP-1
agonist currently being tested as an obesity reversal treatment [201,202]. Liraglutide not
only inhibits or reverses ArcN microglial activation in obese subjects losing weight [64,191],
but it also appears to suppress inhibitory PTP1B signaling, thereby enhancing leptin sen-
sitivity [191,203] in part by direct actions on POMC and NPY neurons [204]. Collectively,
these actions reverse leptin resetting and support sustained weight loss. Thus, sustained
hypothalamic inflammation with weight loss secondary to calorie restriction correlates
with sustained leptin resetting, but further work is required to mechanistically establish
this link.

7. Summary and Future Research Directions

It is well-established that decreased plasma leptin levels, as with fasting, signal star-
vation and elicit appropriate physiological responses, such as increasing the drive to eat
(and the intake of food, if available) and decreasing energy expenditure. These responses
are mediated by suppression of the actions of leptin in the hypothalamus, most notably on
ArcN orexigenic NPY neurons and anorexic POMC neurons. However, the main question
addressed in this review is whether the effects of increased endogenous (or exogenous)
leptin levels are also physiologically significant on the long-term control of energy balance
and the sympathetic nervous system, despite conventional wisdom to the contrary. To
summarize, we suggest the following:

While eating increases leptin levels, the rise is delayed relative to MIT; therefore, it
appears that leptin is not a major player in meal-evoked thermogenesis, except in fasting
individuals. On the other hand, DIT occurs over a much longer time frame and helps to
limit weight gain despite chronic overeating. Current evidence suggests that increases in
leptin levels contribute, but also that other unidentified hormonal mechanisms are involved.

Obesity also increases plasma leptin levels. While failing to decrease food intake due
to ArcN leptin resistance or resetting (secondary to hypothalamic inflammation, maximal
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LepR binding, and negative feedback mechanisms), increased leptin levels exert other
significant effects. In both sexes, elevated leptin levels support the HPT axis, likely via
increased actions in the PVN, possibly due to the induction of LepR expression in TRH
neurons. Particularly in obese males, increased leptin levels increase SNA to the muscle
and kidneys, thereby contributing to hypertension development. In sharp contrast, obese
females exhibit leptin (and insulin) resistance and are less likely to develop hypertension
secondary to sympathoexcitation. Obesity engenders a low-grade inflammatory state,
which may also depend, in part, on increased leptin levels. Lastly, a major early but
disappointing finding was that exogenous leptin administration failed to reverse obesity.
Nevertheless, preliminary investigations suggest that leptin administration to individuals
undergoing weight loss, when leptin levels fall due to sustained hypothalamic inflammation
and leptin resetting, may help sustain weight loss. Agents that reverse hypothalamic
inflammation, such as GLP-1, may also be beneficial.

Nevertheless, much remains to be discovered. Here, we suggest a few questions that,
when answered, could yield high impact. (1) Do increased leptin levels contribute to obesity-
or DIT-induced increases in energy expenditure (the HPT axis or BAT SNA) or hypertension
via induction of its receptor in PVN or ArcN (if so, which cell type)? Does leptin induce
its receptor in other brain areas? Leptin is a cytokine: what are the roles of LepR in
microglia or astroglia to aid and abet obesity-induced hypothalamic inflammation? (2) What
are the contributions of LPS, vagal afferent stimulation, and leptin in obesity-induced
neuroinflammation? (3) Does select reversal of hypothalamic inflammation after weight
loss reduce or eliminate weight regain? (4) What other catabolic hormones contribute to
homeostatic BW regulation with sustained increases in food intake and/or decreases in
energy expenditure? (5) How is adipose or systemic inflammation transmitted to the CNS?
(6) Does anti-immune therapy with or without leptin treatment [55,205] or treatment with
a GLP-1 agonist [201,202] help sustain weight loss? Minocycline has been successfully
used to reverse or prevent hypothalamic microglial activation in rodents fed a high fat
diet [206,207]; does this or a similar agent help sustain weight loss? (7) Finally, studies
focusing on sex differences and their mechanisms are lacking. In this context, studies of the
brain RAS and its role in energy balance, obesity, or obesity-induced increases in SNA and
hypertension development are clearly needed.
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Abstract: Chronic pain affects many people world-wide, and this number is continuously increasing.
There is a clear link between chronic pain and the development of cardiovascular disease through
activation of the sympathetic nervous system. The purpose of this review is to provide evidence
from the literature that highlights the direct relationship between sympathetic nervous system
dysfunction and chronic pain. We hypothesize that maladaptive changes within a common neural
network regulating the sympathetic nervous system and pain perception contribute to sympathetic
overactivation and cardiovascular disease in the setting of chronic pain. We review clinical evidence
and highlight the basic neurocircuitry linking the sympathetic and nociceptive networks and the
overlap between the neural networks controlling the two.

Keywords: sympathetic nerve activity; chronic pain; cardiovascular disease

1. Introduction

Chronic pain syndromes affect 20–30% of the world’s population [1] and there is a clear
link between chronic pain and the development of cardiovascular disease, which exists
across a spectrum of chronic pain syndromes, including back or pelvic pain, neuropathic
pain, and fibromyalgia. A meta-analysis that included 25 large observational studies of
patients across the spectrum of chronic pain syndromes, found a significant association
between chronic pain and cardiovascular disease [2]. A second meta-analysis found a
similar relationship between chronic musculoskeletal pain and cardiovascular disease [3].
Multiple longitudinal studies have also reported an association between chronic pain and
the development of cardiovascular disease [4–16], which (for many of the studies) remained
significant after adjustment for cardiovascular risk factors [4,9,11–16]. The largest of these
studies recently reported on the relationship between chronic pain and cardiovascular
disease among 475,171 participants in the UK Biobank [16]. The results of this large study
indicate that participants with chronic localized pain and chronic widespread pain had
a significantly increased risk for future incidence of myocardial infarction, heart failure,
stroke, cardiovascular mortality, and composite cardiovascular disease. The study also
provides direct evidence of a dose–response relationship between chronic pain severity
and cardiovascular morbidity. As summarized in Table 1, multiple studies have identified
increased risk among chronic pain sufferers for myocardial infarction, angina, arrhythmia,
coronary artery disease, hypertension, stroke, heart failure, and cardiovascular mortality.
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Table 1. Chronic pain-associated cardiovascular outcomes.

Cardiovascular Outcome References

Myocardial Infarction [10,14,16–22]
Angina [14,17,18,22–24]

Arrhythmia [20,25]
Coronary Artery Disease [14,22,25–27]

Hypertension [20,25,28–30]
Stroke [10,16,17,19–21,29]

Heart failure [16,20]
Cardiovascular mortality [8,16,21,22,30–33]

Scientific evidence linking pain to the cardiovascular system dates to the early 1900s
when Sir Charles Sherrington observed that experimental pain triggers acute cardiovascular
responses [34,35]. Over the decades, a wealth of literature reporting on pharmacological,
neuroanatomical, electrophysiological, and behavioral data indicated that a highly con-
served neural network regulates both the sympathetic nervous system (SNS) and pain
perception. We hypothesize that chronic pain-related changes within these neural net-
works contribute to increased cardiovascular disease in chronic pain sufferers. In addition
to reviewing available clinical evidence, we emphasize the basic neurocircuitry driving
cardiovascular disease in chronic pain syndromes and highlight the causative role of the
SNS in precipitating chronic pain-associated cardiovascular comorbidities. While SNS
overactivation in chronic pain patients may be partially explained by the direct effects of
nociceptive stimulation on sympathetic preganglionic neurons [36–38], we highlight the
central neural network regulating sympathetic nerve activity (SNA) and pain perception,
which we propose contributes to SNS overactivation in the setting of chronic pain.

2. Sympathetic Nervous System and Cardiovascular Disease

The SNS is critical for general cardiovascular homeostasis [39] as it exerts direct actions
on heart rate and cardiac contractility as well as venous capacitance, arteriolar resistance,
and blood volume (via sodium and water balance in the kidneys). However, excessive SNS
activation increases cardiovascular morbidity and mortality [39,40]. Acute overactivation
of the SNS can manifest as adverse cardiac events including: ventricular arrhythmias, my-
ocardial infarction, atrial fibrillation, stroke, and Takotsubo cardiomyopathy [40]. Chronic
overactivation of the SNS leads to hypertension, ischemic heart disease, heart failure, and
renal failure [39].

In chronic pain, cardiovascular indices that indicate SNS overactivation, including
increased blood pressure and heart rate, have been well documented [41–45]. Addition-
ally, SNS overactivation contributes to the process of atherosclerosis by inducing platelet
activation [46–48] and promoting mechanical injury to the vascular endothelial cells be-
cause of increased blood pressure and flow velocity. At the level of the heart, the ensuing
atherosclerosis manifests with coronary artery disease and can trigger myocardial infarction.
Furthermore, chronic, and excessive sympathetic drive to the heart (i) limits myocardial
oxygen delivery via coronary vasoconstriction, while also (ii) increasing myocardial oxygen
demand because of increased energy utilization. Ultimately, this combination of reduced
oxygen delivery and increased oxygen demand leads to myocardial ischemia, which can
result in angina, arrhythmia, or even heart failure [49].

3. Basic Neurocircuitry of the Sympathetic Nervous System

Sympathetic preganglionic neurons are cholinergic neurons located within the in-
termediolateral (IML) cell column of the spinal cord. These neurons innervate pre- and
para-vertebral ganglia where they synapse with adrenergic postganglionic neurons. One
exception is the adrenal gland, which is directly innervated by sympathetic preganglionic
neurons and drives the systemic release of epinephrine. The regulation of sympathetic
preganglionic neuron-firing is influenced by various interconnected neuronal networks,
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including: (i) the central autonomic network providing descending projections from the
brain, and (ii) the intraspinal network consisting of propriospinal neurons and spinal
interneurons. The level of sympathetic activity targeting the effector organs is ultimately
determined by the balance of excitatory and inhibitory inputs to sympathetic preganglionic
neurons in the IML.

The central autonomic network serves an essential physiological role in the coordi-
nated, real-time adaptations of SNS in response to external and internal stimuli. Brain
regions, which comprise the central autonomic network include: (i) brainstem centers
(both medulla and midbrain), (ii) diencephalon, and (iii) cortical sites; all of which work
in a coordinated manner to influence sympathetic tone and cardiovascular function [50].
Arguably, to date, most is known about the role of brainstem centers in controlling SNA. It
was over 100 years ago when the rostral ventrolateral medulla (RVLM) was first identified
as a primary regulator of sympathetic tone [51,52] as bilateral lesioning or pharmacological
blockade of the ventrolateral medulla produced decreases in sympathetic activity and
arterial hypotension [51–53]. Since then, many studies have substantiated this initial ob-
servation and highlighted the RVLM as one of the most important sources of descending
excitatory drive to sympathetic preganglionic neurons located in the IML [54–58]. Addi-
tionally, the RVLM and adjacent brainstem centers are involved in baroreflex processing,
which is critical for quick reflex-mediated changes in SNA (Figure 1). Afferent neurons
innervating the carotid sinus and aortic arch carry afferent, baroreceptor-related informa-
tion, to the medulla, via the vagal and glossopharyngeal nerves. During baroreceptor
loading, as occurs during increases in blood pressure, the nucleus of the solitary tract (NTS)
receives excitatory glutamatergic input from these afferent neurons and activates inhibitory
GABAergic neurons within the caudal ventrolateral medulla (CVLM). The CVLM, in turn,
inhibits RVLM neurons and decreases the excitatory drive to the sympathetic preganglionic
neurons located in the IML. It is important to note that in addition to decreasing excitatory
RVLM drive, baroreceptor loading increases descending inhibitory drive to sympathetic
preganglionic neurons located in the IML [59–61]. Such descending inhibitory projections
may arise from nuclei of the CVLM, the reticular formation, or the locus coeruleus (LC),
which also receive direct projections from barosensitive NTS neurons. While the central
neural networks involved in driving descending inhibition of IML neurons are not well
defined, in response to baroreceptor loading, SNA can be reduced to levels similar to
those observed following ganglionic blockade (Figure 2, panel A), which is well below the
levels recorded following bilateral pharmacological inhibition of RVLM [62] or spinal cord
transection (Figure 2, panel B) [63–66]. These data suggest that: (i) intraspinal networks
alone can maintain baseline SNA tone and blood pressure and that (ii) the inhibition of
SNA in response to baroreceptor loading (phenylephrine infusion) originates from within
the supraspinal centers, possibly the LC or other brainstem centers.

In addition to reflex regulation, cognitive processing and emotion regulation are im-
portant drivers of sympathetic activity involving the central autonomic network. Classical
cardiovascular responses to emotional stress (fight and flight response or defense reac-
tion) are produced by disinhibition of the paraventricular and dorsomedial nuclei of the
hypothalamus and drive sympathoexcitatory responses and increases in blood pressure
(Figure 3) [67–69]. Similarly, increases in SNA are observed during strenuous cognitive
tasks, i.e., mental stress and they seem to be gender specific [70,71]. To sustain increases
in sympathetic activity in response to emotional stress, the medullary baroreflex circuitry
is reset or overridden by the higher brain structures, which helps to prepare the body
for action [72–75]. Similarly, baroreflex resetting occurs during perceived mental stress
and highlights the important role of perception in controlling SNS [76]. Such baroreflex
resetting is believed to involve direct cortico-medullary projections converging in the NTS
to attenuate the medullary baroreflex processing [77,78]. Emotional and mental stress-
induced increases in sympathetic activity involve various cortical brain regions some of
which have been implicated in tonic control of sympathetic activity at rest [79–82]. For
example, electrical stimulation of discrete areas of the insular cortex can markedly increase
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blood pressure by approximately 50 mmHg and increase heart rate by about 40 bpm [83].
In addition to the insular cortex, other important cortical regions are the anterior cingulate
cortex and prefrontal cortex. These regions form an integrative network where the insular
and anterior cingulate cortex send projections to the hypothalamus and the amygdala [80].
The amygdala as a central feedback regulator sends inhibitory projections to the NTS,
thereby deactivating the medullary baroreflex mechanism and activating the hypothalamic
nuclei, which drive sympathoexcitatory responses associated with stress reaction [84].
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onic neurons located within the intermediolateral (IML) cell column of the thoracic spinal cord. The 
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rons. Descending inhibitory projections to sympathetic preganglionic neurons (red) arise from mul-
tiple brain regions including from the locus coeruleus (LC) and the reticular formation (RF). Much 
of the descending excitatory and inhibitory drive to sympathetic preganglionic neurons is regulated 
by neurons located within the nucleus of the solitary tract (NTS), which is the primary integrative 
site for baroreceptor and chemoreceptor afferent fibers which drive autonomic reflexes. Included 
above is an example of raw (lower tracing) and integrated (upper tracing) SNA recorded from post-
ganglionic renal sympathetic nerve fibers in a rat as described in [63] (lower right). 

Figure 1. Control of sympathetic preganglionic neurons. Efferent sympathetic nerve activity (SNA) is
determined by the net product of excitatory and inhibitory projections to sympathetic preganglionic
neurons located within the intermediolateral (IML) cell column of the thoracic spinal cord. The rostral
ventrolateral medulla (RVLM) is one of the main sources of descending excitatory drive (green).
Additionally, second-order sensory neurons, relaying information from primary sensory afferents, are
an important intraspinal source of excitatory drive to sympathetic preganglionic neurons. Descending
inhibitory projections to sympathetic preganglionic neurons (red) arise from multiple brain regions
including from the locus coeruleus (LC) and the reticular formation (RF). Much of the descending
excitatory and inhibitory drive to sympathetic preganglionic neurons is regulated by neurons located
within the nucleus of the solitary tract (NTS), which is the primary integrative site for baroreceptor
and chemoreceptor afferent fibers which drive autonomic reflexes. Included above is an example
of raw (lower tracing) and integrated (upper tracing) SNA recorded from postganglionic renal
sympathetic nerve fibers in a rat as described in [63] (lower right).
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onic blockade (hexamethonium, 20 mg/kg). See text for additional information. 
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Figure 2. Baroreceptor loading strongly inhibits sympathetic nerve activity. Responses in arterial
pressure (AP) and renal sympathetic nerve activity (RSNA) to intravenous administration of phenyle-
phrine (40 µg/kg) in (A) spinal intact and (B) T4 spinal-transected rats. The red line in the top panel
represents the level of recorded activity (zero) at the end of the experiment following ganglionic
blockade (hexamethonium, 20 mg/kg). See text for additional information.

In addition to the descending excitatory and inhibitory projections controlling sympa-
thetic activity outlined above, sympathetic preganglionic neurons within the IML receive
extensive input from intraspinal networks [85,86]. Spinal circuits can contribute both to
baseline and reflex responses in sympathetic activity. Resting sympathetic activity and
blood pressure are maintained (albeit at a lower level), following cervical or thoracic spinal
cord transection and they can be further reduced by ganglionic blockade [63,64]. Although
tonically low, sympathetic activity can be markedly increased following the activation of
spinal sympathetic pathways. The spinal sympathetic reflex circuitry is similar in composi-
tion to the spinal motor reflex circuits that drive muscle contraction in response to muscle
stretch or cutaneous stimulation, and like spinal motor reflexes, the spinal sympathetic
reflexes are exaggerated by spinal cord transection [87–91]. The spinal motoneurons are con-
trolled by the descending corticothalamic projections, which exhibit a tonic inhibitory drive
to the motoneurons [92,93]. Similarly, we speculate that descending inhibitory projections
arising from or above the level of the brainstem, modulate sympathetic drive. Tonic sympa-
thoinhibitory projections are important regulators of overall sympathetic activity and they
can arise from various central structures including, the CVLM [94,95], raphe nuclei [96], and
the spinal cord [97]. These structures have been shown to inhibit sympathetic activity toni-
cally [95,98,99]. This inhibition likely involves both direct bulbospinal projections [100–102],
and projections to the RVLM [94,95,98]. Additional baroreceptor-independent inhibitory
projections descend via the dorsolateral funiculus and reduce spinal sympathetic reflex

96



Int. J. Mol. Sci. 2023, 24, 5378

activation [103,104]. Finally, the inhibitory influences on the sympathetic preganglionic
neurons can be exerted by the spinal interneurons located within and around the IML. To
that end, electrical stimulation of the central autonomic area of the spinal cord triggered
inhibitory postsynaptic potentials within the IML, and these potentials were blocked by
the GABA receptor blockade, suggesting that spinal GABA-ergic interneurons modulate
sympathetic preganglionic transmission and influence tonic sympathetic activity [105].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 18 
 

 

to the NTS, thereby deactivating the medullary baroreflex mechanism and activating the 
hypothalamic nuclei, which drive sympathoexcitatory responses associated with stress 
reaction [84]. 

 
Figure 3. Central autonomic network. Depicted is the neural circuitry controlling SNA during emo-
tional stress. PFC, prefrontal cortex; IC, insular cortex; ACC, anterior cingulate cortex; AMY, amyg-
dala; DMH, dorsomedial hypothalamus; PVN, paraventricular nucleus; RVLM, rostral ventrolateral 
medulla; CVLM, caudal ventrolateral medulla; NTS, nucleus of the solitary tract; SPN, sympathetic 
preganglionic neurons. See text for additional information. 

In addition to the descending excitatory and inhibitory projections controlling sym-
pathetic activity outlined above, sympathetic preganglionic neurons within the IML re-
ceive extensive input from intraspinal networks [85,86]. Spinal circuits can contribute both 
to baseline and reflex responses in sympathetic activity. Resting sympathetic activity and 
blood pressure are maintained (albeit at a lower level), following cervical or thoracic spi-
nal cord transection and they can be further reduced by ganglionic blockade [63,64]. Alt-
hough tonically low, sympathetic activity can be markedly increased following the acti-
vation of spinal sympathetic pathways. The spinal sympathetic reflex circuitry is similar 
in composition to the spinal motor reflex circuits that drive muscle contraction in response 
to muscle stretch or cutaneous stimulation, and like spinal motor reflexes, the spinal sym-
pathetic reflexes are exaggerated by spinal cord transection [87–91]. The spinal motoneu-
rons are controlled by the descending corticothalamic projections, which exhibit a tonic 
inhibitory drive to the motoneurons [92,93]. Similarly, we speculate that descending in-
hibitory projections arising from or above the level of the brainstem, modulate sympa-
thetic drive. Tonic sympathoinhibitory projections are important regulators of overall 
sympathetic activity and they can arise from various central structures including, the 

Figure 3. Central autonomic network. Depicted is the neural circuitry controlling SNA during
emotional stress. PFC, prefrontal cortex; IC, insular cortex; ACC, anterior cingulate cortex; AMY,
amygdala; DMH, dorsomedial hypothalamus; PVN, paraventricular nucleus; RVLM, rostral ven-
trolateral medulla; CVLM, caudal ventrolateral medulla; NTS, nucleus of the solitary tract; SPN,
sympathetic preganglionic neurons. See text for additional information.

4. Basic Neurocircuitry of Nociception

In this section, we try to briefly summarize functional neural circuitry involved in
the detection, transmission, and central integration of nociceptive signals. Based on the
presence of thermal, chemical, or mechanical stimuli, the signal is detected by specialized
receptors (nociceptors) expressed on peripheral terminals of small thinly myelinated or
unmyelinated A-delta and C fibers of primary afferent neurons, respectively [106,107].
These afferents carry nociceptive information into laminae I-III of the dorsal horn of the
spinal cord where they undergo complex processing. The excitatory and inhibitory in-
terneuronal circuitry integrates incoming information and transmits it to projecting neurons
for relay to the brain. Nociceptive information travels to the brain via the contralateral
spinothalamic tract synapsing within the ventromedial and mediodorsal nuclei of the
thalamus [108]. The nociceptive information also reaches the medulla and brainstem

97



Int. J. Mol. Sci. 2023, 24, 5378

centers via the spinoreticular and spinomesencephalic tracts and the hypothalamus via
the spinohypothalamic tract [109]. For the processing of nociceptive signals, especially
important is the NTS, which integrates ascending noxious and non-noxious information
and provides an interface between sensory and autonomic outflows. The NTS has dense
projections with other sub-cortical brain regions such as periaqueductal gray, nucleus raphe
magnus, and the hypothalamic nuclei, all of which are also involved in autonomic process-
ing [108]. Finally, nociceptive information is subjected to processing at the cortical level
where pain is conceptualized through localization and intensity discrimination. Regarding
its localization, somatosensory cortices I and II are mostly responsible for determining the
position of nociceptive stimulus while anterior cingulate cortex is involved in assigning an
affective component to the pain [110,111]. Furthermore, the insular cortex can encode the
intensity, and localization of the painful stimulus as it relates to the generation of moods
and feelings [112]. It is the strong relationship between the anterior cingulate cortex and
the insula that forms a link between pain, autonomic, and motor systems through the
formation of motivation and emotion related to pain.

Interestingly, numerous monosynaptic descending projections have been described in
the literature that simultaneously project to second-order neurons in the dorsal horn and
to sympathetic preganglionic neurons in the IML. Table 2 highlights brain regions with
monosynaptic descending projections to both the dorsal horn and the IML, and the effect
of these projections on nociception and SNA. Inhibitory and excitatory projections can arise
from all three integrative levels: (i) the brainstem, (ii) the hypothalamus, and (iii) the cortex,
with most regions having a common excitatory and/or inhibitory effect on SNA and pain.
Importantly, the NTS and LC, elicit strong inhibition of both second-order sensory neurons
and sympathetic preganglionic neurons, which reduce nociceptive processing and SNA,
respectively.

Table 2. Overview of monosynaptic pathways descending to the spinal cord that influence both
second-order sensory neurons and sympathetic preganglionic neurons.

Structure Effect(s) on
DH Neurons

Effect(s) on
IML Neurons References

Hypothalamus
Paraventricular nucleus Inhibition Inhibition/Excitation [113–116]

Arcuate nucleus Inhibition/Facilitation Inhibition/Excitation [117–119]
Parabrachial nucleus Inhibition Excitation [120–122]

Brainstem
Nucleus of the solitary tract Inhibition Inhibition [123–126]

Raphe magnus/pallidus Inhibition/Facilitation Inhibition/Excitation [127–130]
Rostroventromedial medulla Facilitation Excitation [131]

Locus coeruleus Inhibition Inhibition [132–134]
Medullary reticular formation Inhibition/Facilitation Inhibition/Excitation [135,136]

Cerebral cortex
Frontal/parietal Inhibition Inhibition/Excitation [137–142]

DH, dorsal horn; IML intermediolateral cell column.

5. The Relationship between Blood Pressure and Acute Pain Sensitivity

In pain-free individuals, there is a linear, inverse (negative) relationship between blood
pressure and acute pain sensitivity [143–153]. Importantly, the diminished acute pain sensi-
tivity association with elevated resting blood pressure involves the medullary baroreflex
circuitry, reducing both SNA and pain processing in response to increases in systemic blood
pressure. In animals, baroreceptor stimulation induces antinociception [154–156], and
surgical denervation of baroreceptor afferents produces hyperalgesia [157–159]. In humans,
stimulation of baroreceptors (e.g., via application of external suction to the carotid artery)
reduces acute pain sensitivity [160–163]. Consistent with the notion that baroreceptor
loading is greatest during systole and lowest during diastole, pain sensitivity to ultra-
rapid electrical pain stimuli was found to be lowest during systole and the greatest during
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diastole [164,165]. Altogether, these studies indicate that in addition to reducing SNA,
baroreceptor stimulation triggers descending pain inhibitory activity, which contributes to
the inverse relationship between resting blood pressure and acute pain.

In the setting of chronic pain, the relationship between blood pressure and pain
sensitivity is dramatically altered. In contrast to the significant inverse (negative) relation-
ship observed in pain-free individuals, chronic pain sufferers exhibit a direct (positive)
relationship between resting blood pressure and acute pain [42,43,144]. Changes to the
blood pressure-pain sensitivity relationship in the chronic pain setting directly contribute
to SNS overactivation. A large retrospective study identified an increased prevalence of
hypertension in chronic back pain patients and pain intensity was a significant predictor of
hypertensive status [166]. This suggests that chronic pain may drive SNS overactivation
and thereby promote cardiovascular morbidity and mortality.

6. Chronic Pain as a Driver of SNS Overactivation

As introduced above, spinal sympathetic reflex arcs result in the direct activation of
sympathetic preganglionic neurons within the IML by ascending sensory/nociceptive path-
ways. This likely represents the most straightforward neural mechanism by which chronic
pain can drive SNS overactivation. Within the dorsal horn, sensory information is directed
to: (i) interneurons, which terminate within the same spinal segment, (ii) propriospinal
neurons, which terminate within a different spinal segment, and (iii) projecting neurons,
which terminate within supraspinal structures. Activation of sympathetic preganglionic
neurons occurs either via second-order interneurons, second-order propriospinal neurons,
or second-order spinothalamic projecting neurons, which have extensive axon collaterals
within the thoracic spinal cord [167]. Additional interneurons (third order) terminating
within the intermediolateral cell column of the spinal cord are likely critical for sensory-
sympathetic coupling, as second-order neurons (arising from the dorsal horn) rarely make
direct connections with cell bodies of sympathetic preganglionic neurons [168]. Thus,
in the setting of chronic pain, SNS overactivation may result directly from excess spinal
nociceptive input via a spinal sympathetic reflex arc.

A second mechanism by which chronic pain may increase sympathetic activity is
secondary to chronic cognitive or emotional stress. Excessive sympathetic stress responses
are associated with numerous human disorders, including post-traumatic stress disorder,
cerebral palsy, traumatic brain injury, autism spectrum disorders, bipolar disorder, epilepsy,
and Charcot–Marie–Tooth disease, among others [169–172], and can manifest with acute
myocardial injury and/or increased susceptibility to sudden cardiac death [173–175]. Car-
diovascular consequences of stress are similar in all mammals [67,176,177], and chronic or
repetitive stress leading to increases in sympathetic activity is one proven cause of hyper-
tension and heart failure [176,178]. Pain, especially when present in a chronic form, is a
source of discomfort and substantial emotional suffering. In chronic orofacial pain patients,
sympathetic responses to mental stressors are significantly greater than responses in pain-
free, age and sex-matched controls [179]. Similarly, patients with chronic low back pain or
chronic arthritic pain display a significantly higher baseline and stress-induced sympathetic
(electrodermal) arousal than what is observed in pain-free controls [45,180,181].

7. Maladaptive Changes in the Neural Circuitry Leading to Sympathetic
Overactivation and Chronic Pain

Our understanding of neuroplastic changes associated with chronic pain has been
largely made possible by advancements in in vivo imaging using magnetic resonance imag-
ing (MRI) techniques. Enhanced spatial resolution and contrast enable detailed structural
morphology studies to be conducted in patients with chronic pain. Functional magnetic
resonance imaging (fMRI) studies in humans have demonstrated the coordinated activation
of several brain areas in response to noxious somatic and visceral stimuli, including the
thalamus, anterior cingulate cortex, insular cortex, primary and secondary sensory cortices,
prefrontal cortex, basal ganglia, cerebellum, and amygdala. This network of brain regions

99



Int. J. Mol. Sci. 2023, 24, 5378

involved in both sensory discriminative and emotional-affective aspects of pain is termed
the “pain matrix” [182]. Studies utilizing resting state fMRI revealed changes in network
properties in chronic pain when compared to healthy controls. Specifically, atrophy within
the dorsolateral prefrontal cortex (dlPFC) and increased activity of the medial prefrontal
cortex (mPFC) have been observed in chronic back pain sufferers [183]. Similarly, a general
shift from nociceptive to emotional circuits has been observed in chronic back pain [184],
which may corroborate the involvement of emotional circuits in driving sympathetic over-
activation in chronic pain. As mentioned above, these brain structures are also involved
in the control of sympathetic activity both at baseline and during emotional stress. Thus,
SNS overactivation among chronic pain sufferers likely involves an exaggerated excitatory
drive to sympathetic preganglionic neurons as part of a chronic emotional stress response.

Chronic pain is associated with plastic changes at every level of the neural axis
including primary sensory endings, as well as spinal and supraspinal sites [185]. The
changes within the supraspinal centers are particularly important as they may contribute to
altered nociceptive processing and perception of pain. Given the anatomical and functional
overlap between the central nociceptive and central autonomic networks, the aberrant
changes that occur within the supraspinal centers may simultaneously manifest with
dysregulated sympathetic control and chronic pain. Recent studies have found that chronic
pain sufferers irrespective of the origin of pain, exhibit common brain signatures associated
with the loss of gray matter in cortical and subcortical structures such as the prefrontal and
insular cortex, orbitofrontal cortex, and pons [185]. Using connectivity analyses of resting
state fMRI, chronic migraine sufferers exhibited reduced gray matter volume and reduced
cortical thickness in brain regions involved in the affective processing of pain including
dlPFC [186]. The cortical thickness was inversely associated with the intensity and duration
of pain suggesting a potential causative relationship between structural changes and the
clinical phenotype of chronic pain. Additionally, decreased connectivity of the prefrontal
cortex and increased connectivity with the insular cortex were found to be correlated with
the intensity of chronic pain [187]. Both the insular cortex and prefrontal cortex represent
areas of the brain involved in the emotional processing that led to an increased drive
to the central autonomic network. The baseline activity of dlPFC is elevated in chronic
pain sufferers [188] and direct transcranial stimulation of dlPFC in healthy individuals
was found to increase SNA and blood pressure [137]. Additionally, specific neuronal
ensembles within the mPFC appear to be critical for processing nociceptive information
and regulating pain chronicity [189]. These data suggest the reorganization of the cortical
centers associated with chronic pain states may also promote sympathetic overactivation
and the development of cardiovascular disease via increased descending excitatory drive
to sympathetic preganglionic neurons in the spinal cord.

Lastly, given that a common baroreceptor-sensitive, descending, inhibitory pathway
regulates the spinal transmission of afferent nociceptive information and efferent sym-
pathetic activity, it is conceivable that alterations within this central inhibitory network
would simultaneously manifest with increased pain and increased sympathetic activity.
Central noradrenergic pathways, particularly those mediated by alpha-2 adrenergic recep-
tors (α2), are a crucial component of both the descending pain inhibitory system [190–192]
and the descending pathway regulating SNS [60,193]. The contribution of α2 receptors
to descending nociceptive inhibition is well documented [194–199] and the activation of
central α2 receptors is important for the inhibition of sympathetic nerve activity in response
to baroreceptor loading [59,61,193,200]. Multiple central structures, including the locus
coeruleus (LC), are sources of descending pain-sympathetic modulation via α2 receptor
activation [190,201–204], and likely contribute to descending inhibition of both pain and
SNS. Therefore, alterations in this central neural network, which inhibits both spinal sym-
pathetic preganglionic neurons and spinal transmission from afferent nociceptive neurons,
would contribute to a concomitant increase in both pain and SNS activity.

Within the NTS there are numerous glutamatergic and GABAergic terminals arising
from interneurons or from cortical and hypothalamic nuclei, which facilitate or inhibit
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excitation of the NTS, (e.g., during baroreceptor loading). Notably, the amygdala, the bed
nucleus of the stria terminalis, and the PVN all project to the NTS [205,206]. Projections
from cortical and hypothalamic centers to the NTS are known to inhibit excitatory neu-
rotransmission of barosensitive neurons and participate in the upward resetting of the
baroreflex [207]. Thus, it is tempting to speculate that chronic maladaptive changes within
the central neural network, resulting in enhanced inhibition of barosensitive neurons within
the NTS, serve as another plausible mechanism by which both chronic pain and increased
sympathetic activity would simultaneously manifest.

8. Conclusions

There are many points along the neuraxis where nociceptive signals interact with
SNS processing and alterations in these neural networks in the setting of chronic pain
likely contribute to the SNS overactivation and development of cardiovascular disease.
It remains unclear what neural processes contribute to SNS overactivation in the setting
of chronic pain. Recent findings in human models have identified the structures within
the prefrontal cortex that are involved in pain chronicity [189] and regulate sympathetic
nerve activity and cardiovascular function [137]. These new findings indicate there are
structural connections between chronic pain and cardiovascular function. Additionally,
we highlight other direct and indirect neural networks that may play a role in driving
chronic pain-associated cardiovascular disease. Future studies are needed to understand
this relationship in more detail.
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Abstract: We aimed to investigate the efficacy of exercise on preventing arterial stiffness and the
potential role of sympathetic nerves within perivascular adipose tissue (PVAT) in pressure-overload-
induced heart failure (HF) mice. Eight-week-old male mice were subjected to sham operation (SHAM),
transverse aortic constriction-sedentary (TAC-SE), and transverse aortic constriction-exercise (TAC-
EX) groups. Six weeks of aerobic exercise training was performed using a treadmill. Arterial stiffness
was determined by measuring the elastic modulus. The elastic and collagen fibers of the aorta and
sympathetic nerve distribution in PVAT were observed. Circulating noradrenaline (NE), expressions
of β3-adrenergic receptor (β3-AR), and adiponectin in PVAT were quantified. During the recovery
of cardiac function by aerobic exercise, thoracic aortic collagen elastic modulus (CEM) and collagen
fibers were significantly decreased (p < 0.05, TAC-SE vs. TAC-EX), and elastin elastic modulus (EEM)
was significantly increased (p < 0.05, TAC-SE vs. TAC-EX). Circulating NE and sympathetic nerve
distribution in PVAT were significantly decreased (p < 0.05, TAC-SE vs. TAC-EX). The expression of
β3-AR was significantly reduced (p < 0.05, TAC-SE vs. TAC-EX), and adiponectin was significantly
increased (p < 0.05, TAC-SE vs. TAC-EX) in PVAT. Regular aerobic exercise can effectively prevent
arterial stiffness and extracellular matrix (ECM) remodeling in the developmental course of HF,
during which sympathetic innervation and adiponectin within PVAT might be strongly implicated.

Keywords: arterial stiffness; sympathetic nerves; PVAT; exercise; heart failure

1. Introduction

Arterial stiffness is an independent predictor of cardiovascular events [1], among
which heart failure (HF) can be one of the most serious outcomes [2]. The development of
arterial stiffness is typically attributed to extracellular matrix (ECM) remodeling within
media and adventitia [3], represented by the fragmentation of elastic fibers and deposition
of collagen fibers [4]. Recently, perivascular adipose tissue (PVAT), an important cross-
linking connective tissue, was highlighted as a mediator of ECM remodeling [5]. PVAT
surrounds most of the vasculature and has emerged as an active component of the blood
vessel wall [6], regulating vascular homeostasis [7] and affecting the pathogenesis of arterial
remodeling [6]. Pathological processes including HF [8] and obesity [9] usually drive
hyperexcitation of sympathetic nerves. Sympathetic innervation within PVAT has recently
been recognized as a possible regulator of ECM remodeling during the development of
arterial stiffness [10]. Previously, the release of adiponectin via activation of β3-adrenergic
receptor (β3-AR) in PVAT was reported to be triggered by sympathetic stimulation [11].
Adiponectin, as one of PVAT-derived adipokines, was implicated in arterial stiffness [12]
and had beneficial effects in maintaining vascular homeostasis [13].
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A meta-analysis of randomized trials supports that exercise-based cardiac rehabili-
tation should be offered to all HF patients [14], and quantitative evidence from patients
with cardiovascular disease also suggests that exercise interventions including aerobic,
combined, or isometric trainings are capable of reducing arterial stiffness [15]. Moreover,
exercise training would normalize the hyperexcitation of sympathetic nerves in HF [16].
However, the efficacy of exercise on preventing arterial stiffness and the potential role of
sympathetic nerves within PVAT are not fully understood.

Therefore, this study was designed to determine the effects of 6 weeks of aerobic
exercise training on preventing arterial stiffness in pressure overload-induced HF mice
and to explore the potential roles of sympathetic nerves within PVAT. We hypothesized
that 6 weeks of aerobic exercise training would be effective in preventing arterial stiffness
and ECM remodeling and attenuating the hyperexcitation of sympathetic nerves in PVAT
during the developmental course of HF.

2. Results
2.1. The Developmental Course of Heart Failure after TAC Was Delayed by Exercise

Both the ejection fraction (EF) (Figure 1A) and fractional shortening (FS) (Figure 1B) of
TAC-SE were significantly reduced (p < 0.05) compared with those of SHAM; this reduction
was significantly restored (p < 0.05) in TAC-EX. The heart weight (HW) normalized to body
weight (BW) (Figure 1C) and HW normalized to tibia length (TL) (Figure 1D) of TAC-SE
were significantly elevated (p < 0.05) compared with those of SHAM, whereas HW/BW and
HW/TL of TAC-EX were significantly reduced (p < 0.05) compared with those of TAC-SE.
The representative wheat germ agglutinin (WGA) staining images of cardiomyocyte (CM) is
shown in Figure 1E; the CM size of TAC-SE was significantly increased (p < 0.05) compared
with that of SHAM, and the CM size of TAC-EX was significantly decreased (p < 0.05)
compared with that of TAC-SE (Figure 1F).
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Figure 1. Effects of exercise on cardiac function in mice after TAC. EF (A) was calculated by using
the formula (EDV - ESV)/EDV × 100%, and FS (B) was calculated by using the formula (LVDd −
LVDs)/LVDd × 100%. Heart weight per body weight (HW/BW) ratio (C) and heart weight per tibia
length (HW/TL) ratio (D). Original image following WGA staining (E), and CM size was measured (F).
Data were analyzed using one-way ANOVA; values are mean ± SD. * indicates p < 0.05. Abbreviations:
EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume; FS, fractional shortening;
LVDd, left ventricular end-diastolic dimension; LVDs, left ventricular end-contractile diameter; HW,
heart weight; BW, body weight; TL, tibia length; WGA, wheat germ agglutinin; CM, cardiomyocyte;
SHAM, sham surgery; TAC-SE, transverse aortic constriction-sedentary; and TAC-EX, transverse
aortic constriction-exercise.
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2.2. The Remodeling of ECM after TAC Was Prevented by Exercise

EVG staining of the thoracic aorta (Figure 2A) showed that the elastic fibers area
of TAC-SE was decreased compared with that of SHAM, and the elastic fibers area of
TAC-EX had no statistical difference compared with that of TAC-SE (Figure 2B). Sirius red
staining of the thoracic aorta was applied to identify the collagen fibers area (Figure 2C).
Compared with SHAM, the collagen fibers area of TAC-SE was significantly larger (p < 0.05);
compared with TAC-SE, the collagen fibers of TAC-EX were significantly decreased (p < 0.05)
(Figure 2D). H&E staining of the thoracic aorta (Figure 2E) showed that the aortic wall
thickness/diameter of TAC-SE was significantly increased (p < 0.05) compared with that
of SHAM, and the thickness/diameter of TAC-EX was significantly decreased (p < 0.05)
compared with that of TAC-SE (Figure 2F).
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Figure 2. Effects of exercise on aortic elastic/collagen fiber area and aortic morphology in mice
after TAC. Elastic fibers of aorta were stained with EVG (A,B) and collagen fibers with Sirius
Red (C,D) in PVAT. (E) Aorta were stained with H&E to compare differences between groups
on thickness/diameter (F). Data were analyzed using one-way ANOVA; values are mean ± SD.
* indicates p < 0.05. Abbreviations: EVG, Elastica van Gieson; H&E, hematoxylin and eosin; SHAM,
sham surgery; TAC-SE, transverse aortic constriction-sedentary; and TAC-EX, transverse aortic
constriction-exercise.
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2.3. The Thoracic Arterial Stiffness after TAC Were Prevented by Exercise

A representative image of aortic elastic modulus tests of each group is shown in
Figure 3A. The elastin elastic modulus (EEM) of TAC-SE was significantly decreased
(p < 0.05) compared with that of SHAM, and the EEM of TAC-EX was significantly increased
(p < 0.05) compared with that of TAC-SE (Figure 3B). The collagen elastic modulus (CEM)
of TAC-SE presented as significantly higher than that of SHAM (p < 0.05), and the CEM
of TAC-EX displayed a significant decrease (p < 0.05) compared with that of TAC-SE
(Figure 3C).
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Figure 3. Effects of exercise on aortic stiffness in mice after TAC. Representative images of the force–
time curve for each group (A); EEM (B) and CEM (C) were calculated using the slope of stress–strain
curves. Data were analyzed using one-way ANOVA; values are mean ± SD. * indicates p < 0.05.
Abbreviations: EEM, elastin elastic modulus; CEM, collagen elastic modulus; SHAM, sham surgery;
TAC-SE, transverse aortic constriction-sedentary; and TAC-EX, transverse aortic constriction-exercise.

2.4. Hyperexcitation of Sympathetic Nerves within PVAT after TAC Was Attenuated by Exercise

The circulating noradrenaline (NE) of TAC-SE was significantly higher (p < 0.05)
than that of SHAM; the NE of TAC-EX was significantly restored compared with that of
TAC-SE (p < 0.05) (Figure 4A). The thoracic aortic PVAT was further stained with tyrosine
hydroxylase (TH) (a marker of sympathetic neurons) to evaluate the distribution density of
sympathetic nerves (Figure 4B,C); the results showed that the sympathetic nerve density of
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TAC-SE was significantly higher (p < 0.05) than that of SHAM, and the sympathetic nerve
density of TAC-EX was significantly lower (p < 0.05) compared with that of TAC-SE. The BW
and thoracic aortic PVAT of mice were weighed. The PVAT (mg) and PVAT (mg)/BW (g)
were significantly increased (p < 0.05) after exercise compared with those of the TAC-SE
group (Table 1).
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Figure 4. Effects of exercise on hyperexcitation of sympathetic nerves in PVAT of mice after TAC.
Circulating levels of NE were determined using ELISA (A). Density of TH-immunoreactive parenchy-
mal nerve fibers were calculated by the number of fibers every 100 adipocytes (B). Sympathetic
nerve fibers were stained with TH antibody in PVAT, as indicated by arrowheads (C). Data were
analyzed using one-way ANOVA; values are mean ± SD. * indicates p < 0.05. Abbreviations: NE,
noradrenaline; TH, tyrosine hydroxylase; SHAM, sham surgery; TAC, transverse aortic constriction;
TAC-SE, transverse aortic constriction-sedentary; and TAC-EX, transverse aortic constriction-exercise.

Table 1. Effect of exercise on general characteristics of experimental animals after TAC.

SHAM (n = 15) TAC-SE (n = 12) TAC-EX (n = 15)

Body Weight (g) 27.43 ± 2.09 26.65 ± 1.69 26.78 ± 1.90
PVAT (mg) 8.68 ± 1.83 7.31 ± 1.99 10.02 ± 2.29 *
PVAT (mg)/Body Weight (g) 0.318 ± 0.064 0.269 ± 0.076 0.375 ± 0.071 *

Abbreviations: PVAT, perivascular adipose tissue; SHAM, sham surgery; TAC-SE, transverse aortic constriction-
sedentary; and TAC-EX, transverse aortic constriction-exercise. Data were analyzed using one-way ANOVA;
values are mean ± SD. * indicates p < 0.05 vs. TAC-SE.

2.5. β3-Adrenergic Receptor (β3-AR) and Adiponectin within PVAT after TAC Was Influenced
by Exercise

The expression of β3-AR in TAC-SE was significantly increased (p < 0.05) compared
with that of SHAM, and that in TAC-EX was significantly decreased (p < 0.05) compared
with that of TAC-SE (Figure 5A). There was no significant difference in the expression of
adiponectin in PVAT between SHAM and TAC-SE, and a more significant increase (p < 0.05)
was found in TAC-EX than in TAC-SE (Figure 5B).
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Figure 5. Effects of exercise on the expressions of β3-AR and adiponectin in PVAT of mice after
TAC. Representative Western blot assessment of β3-AR (A) and adiponectin (B) expressions in PVAT
normalized to the expressions of GAPDH. Data were analyzed using one-way ANOVA; values are
mean ± SD. * indicates p < 0.05. Abbreviations: β3-AR, β3-adrenergic receptor; SHAM, sham surgery;
TAC-SE, transverse aortic constriction-sedentary; and TAC-EX, transverse aortic constriction-exercise.

3. Discussion

In this study, we examined the efficacy of 6 weeks of aerobic exercise training on pre-
venting arterial stiffness in HF and the contribution of the sympathetic nerve within PVAT
to this process. These are the primary findings: (1) aerobic exercise training significantly
prevented arterial stiffness represented by ECM remodeling and an elastic modulus shift
during HF; (2) sympathetic activation in PVAT may have contributed to the reconstruction
of ECM, during which expressions of adiponectin in PVAT significantly changed. These
findings provide novel evidence of the effects of aerobic exercise on preventing arterial
stiffness during HF and suggest a potential role of sympathetic innervation of PVAT in
this process.

Regular exercise prevented arterial stiffening and ECM remodeling. The effects of
exercise training on HF was systematically reviewed [17] and the findings supported our
results that exercise recovered cardiomyocyte morphology and cardiac ejection fraction.
A primary finding of the present study is that aerobic exercise training prevented arte-
rial stiffness during the development of pressure overload-induced HF. Regular aerobic
exercise, regardless of intensity or duration, is effective in reducing arterial stiffness [18],
which is a critical contributor to HF [19]. The mechanical stiffness of the aorta is depen-
dent on elastin and collagen, which are prominent scaffolding proteins of ECM within
the vascular wall [3]. It is generally considered that the elasticity of arteries is facilitated
by elastin and stiffness by collagen [3]. Based on the observations of thoracic aortic mor-
phology, our data indicated that the development of HF was accompanied by increased
arterial collagen fibers and decreased elastin fibers, whereas aerobic exercise offset those
influences. Notably, Ouyang et al. already found that both long-term chronic continuous
and interval exercise training could prevent ECM remodeling of the coronary artery in
pressure-overload-induced HF mice [20]. We additionally showed that thoracic aortic ECM
remodeling and arterial stiffness were prevented by regular aerobic exercise in pressure
overload-induced HF.

Sympathetic innervation within PVAT was recently recognized as a possible regulator
of ECM remodeling during the development of arterial stiffness [11]; however, this effect
has not been confirmed in the setting of exercise intervention. Our results showed that
aerobic exercise attenuates the hyperexcitation of sympathetic nerves in PVAT, represented
by the reduced expression of circulating NE and the distribution of the sympathetic nerve.
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Exercise training has been shown to normalize sympathetic hyperexcitation in patients with
HF [16], and to restore PVAT function and prevent vascular complications [21]. Quantitative
evidence from HF patients systematically supported this positive influence of exercise [22].

The sympathetic nerve of PVAT could derive NE and activate β3-AR [11]. To the
best of our knowledge, the influence of exercise on β3-AR expression was only reported
in obesity [21]; β3-AR expression in mesenteric PVAT was downregulated in obesity but
improved with exercise [21]. In this study focusing on HF, we observed increased β3-AR
expression in aorta PVAT, and aerobic exercise restored its expression. This inconsistence
may be explained by difference pathological conditions. A previous study also suggested
that β3-AR might undergo desensitization due to sustained sympathetic adrenergic ac-
tivation in HF [23]. In addition, a recent study also highlighted a role of organic cation
transporter-3 on absorbing excessive NE in PVAT, thus preventing β3-AR overactivation
by NE [11].

We previously hypothesized that β3-AR mediated adiponectin release in PVAT, because
a reduced expression of β3-AR was demonstrated to result in a reduction in adiponectin
secretion from mesenteric PVAT [21]. Our results showed that aerobic exercise restored the
expression of adiponectin from PVAT, even though the expression of β3-AR decreased. This
may be due to the secretion of adiponectin in PVAT being influenced by other factors in
addition to β3-AR, including the glucocorticoid receptor in the adipose tissue of obesity [24]
and 4-hydroxynonenal (a product of lipid peroxidation) in the PVAT of atherosclerotic
patients [25]. The protective role of adiponectin in other conditions were also restored by
exercise training: aerobic exercise increased adiponectin expression in the aortic PVAT of
type 2 diabetic mice [26]; similar results were also found in the aortic PVAT of Zucker rat
under chronic stress [27]. Therefore, our results suggested that aerobic exercise restores
adiponectin in PVAT and prevents arterial stiffness during HF development.

The limitation of the present study is that we only quantified the expression of β3-AR
in PVAT but did not evaluate the desensitized level of β3-AR or other potential factors in-
volved in regulating adiponectin; therefore, the mechanism of β3-AR-mediated adiponectin
release could not be depicted.

In summary, aerobic exercise prevents arterial stiffness during the development of HF,
and sympathetic nerve innervation and adiponectin within PVAT are strongly implicated
in this process. Our study highlighted PVAT sympathetic innervation as a promising aspect
for the prevention of arterial stiffness in HF.

4. Materials and Methods
4.1. Animal Care and Experimental Design

All animal care and experimental procedures were approved by the Animal Exper-
imental Ethics Inspection of Guangzhou Sport University and performed in accordance
with the principles of the Declaration of Helsinki. A total of 53 male C57BL/6 mice (aged
8–9 weeks) were obtained from the Animal Center of Guangdong. All animals were housed
at 24 °C and 55% humidity under a 12 h alternating light and dark environment and fed
with ordinary standard chow throughout the study. Mice were randomly divided into
sham operation (SHAM) (n = 15), transverse aortic constriction-sedentary (TAC-SE) (n = 13),
and transverse aortic constriction-exercise (TAC-EX) (n = 17) groups.

4.2. Establishment of Transverse Aortic Constriction Model

Transverse aortic constriction (TAC) is a commonly used experimental model for
pressure-overload-induced HF [28,29]. Briefly, mice were anesthetized with 2% isoflurane,
and a left upper thoracotomy was performed with the pectoralis and intercostal muscles
being dissected. Then, a nylon suture was placed around the transverse aorta and loosely
tied in a knot. A presterilized 27G blunt needle was then placed into the knot; after the
knot was tightened, the needle was withdrawn. Finally, the muscle and skin were sutured.
SHAM mice were subjected to the same procedure but without the knot [30].
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4.3. Exercise Protocol

Treadmill exercise intervention was performed for two weeks after TAC. Adaptive
exercise intervention for 1 week was set at: 8 m/min, 1 h/day, 5 days/week, and slope = 0◦;
formal exercise intervention for 5 weeks was set at: 12 m/min, 1 h/day, 5 days/week, and
slope = 0◦. The exercise intervention was performed between 19:30 and 20:30 Animals were
allowed to break three times for 3–5 min during each exercise intervention [31,32].

After the exercise intervention, cardiac function was evaluated by echocardiography.
Blood samples, heart, thoracic aorta, and PVAT were collected from the mice. The thoracic
aortas and hearts were fixed in 4% paraformaldehyde for histological assessments, and
thoracic aortic PVAT was stored at −80 ◦C for western blotting.

4.4. Echocardiography

Echocardiography was performed after exercise using a Vevo2100 system (Visual
Sonics Inc., Toronto, ON, Canada) with a 40 MHz MS550D ultrasound transducer. Mice
were anesthetized with 2% isoflurane and were depilated with depilatory cream, and then
ultrasonic coupling agent was applied. Heart and respiration rates were continuously
monitored via stage electrodes. Scanning was initiated with parasternal long- and short-
axis views [33,34]. End-diastolic volume (EDV) and end-systolic volume (ESV) were
calculated using the Simpson method of disks [35]. The ejection fraction (EF) was calculated:
EF (%) = (EDV − ESV)/EDV × 100. The left ventricular end-diastolic dimension (LVDd)
and left ventricular end-contractile diameter (LVDs) were measured in one-dimensional
mode. Fractional shortening (FS) was calculated: FS (%) = (LVDd − LVDs)/LVDd × 100.

4.5. Histological Assessments

The left ventricle of the heart was collected and fixed with 4% paraformaldehyde,
embedded in paraffin, and cut with a thickness of 5 µM. Sections of the heart were stained
with WGA kits (Thermo-Fisher, Waltham, MA, USA) to measure myocardial cell size [36].
A cross-section of cardiomyocytes was photographed under a fluorescence microscope,
and 1000 cells were counted in each section for analysis.

The thoracic aorta was collected and fixed with 4% paraformaldehyde. The tissue was
embedded in paraffin and cut to a thickness of 5 µM. For morphometric analysis, sections
of the thoracic aorta were stained with hematoxylin and eosin (H&E) (Bio sharp, Hefei,
China) and imaged using an Olympus BX53® (Olympus, Center Valley, PA, USA). The
wall thickness and inner diameter of aorta were analyzed using ImageJ software (ImageJ
1.53e, National Institution of Health, Montgomery, MD, USA). For ECM analysis, sections
were stained with Sirius Red (Bio sharp, Hefei, China) for collagen fiber distribution and
with Elastica-Van Gieson (EVG) staining (Bio sharp, Hefei, China) for elastic fiber distribu-
tion [37]. The area of elastic fiber was calculated as the elastic fiber area/cross-sectional
area of aorta ×100%, and the expression of collagen fiber was calculated as collagen fiber
area/cross-sectional area of aorta ×100%. To observe the sympathetic nerve distribution
within PVAT, sections were stained with tyrosine hydroxylase through immunohistochem-
istry. Sections were then incubated with TH antibody (abs131679, absin, Shanghai, China,)
at 4 ◦C overnight [38,39]. Imaging was captured using a microscope at 1000× magnifica-
tions and analyzed using ImageJ software (ImageJ 1.53e, National Institution of Health,
Montgomery, MD, USA).

4.6. Mechanical Stiffness Testing

Arterial elasticity and stiffness were assessed by mechanical stiffness testing [40].
Preheated 37 ◦C Ca2+ and Mg2+-free phosphate-buffered saline solution was added into
the chamber of a Multi Wire Myograph System (Model 620M, DMT, Aarhus, Denmark),
and then the thoracic aorta with no PVAT was cut into a ~2.0 mm arterial ring. The arterial
ring was mounted in the chamber and was stretched 1 mm every 3 min until mechanical
failure. The elastic modulus was calculated from the stress–strain curve. Strain (λ) = ∆d/d(i)
and stress (t) = λF/2HD, where F is the one-dimensional load applied, H is the sample wall
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thickness, D is the length of the vessel, ∆d is the change in diameter, and d(i) is the initial
diameter. The thoracic aortic diameter and wall thickness were assessed by H&E staining,
and the vessel length was measured with a fine ruler. The elastin region, coinciding with
the EEM, was calculated by the slope of the stress–strain curves at the front smooth section
linear. The collagen region, coinciding with the CEM was calculated by the slope of the
stress–stain curves at the tail steep linear section. The slope of the stress–stain curves was
determined using GraphPad Prism (GraphPad Prism 8.02, San Diego, CA, USA).

4.7. Enzyme Linked Immunosorbent Assay (ELISA)

The concentration of NE in plasma was determined by ELISA kits (MM-0876M1,
MEIMIAN, Hangzhou, China) according to the manufacturer’s protocol [41]. Blood sam-
ples were centrifuged to separate plasma. All samples and standards were measured in
duplicate, and the optical density of the zero standard was subtracted from each value.
Standard curves were fitted using nonlinear regression analysis.

4.8. Western Blotting

The expressions of β3-AR (61033, Sigma, St. Louis, MO, USA), adiponectin (DF7000,
Affinity Biosciences, Hangzhou, China), and GAPDH (G9545, Sigma, St. Louis, USA)
were quantified by Western blotting. Briefly, the thoracic aortic PVAT was homogenized
in 1 mL of lysis buffer by a grinding machine (Servicebio, Wuhan, China), containing
1× RIPA (Beyotime, Shanghai, China), protease inhibitors (Beyotime, Shanghai, China),
and phosphatase inhibitors (Cwbio, Beijing, China). The proteins were separated by
10% SDS polyacrylamide gels and transferred to 0.2 µM Immobilon-PSQ PVDF membranes
(Millipore-Sigma, Burlington, VT, USA). The membrane was then blocked in 5% BSA for
1.5 h. The primary antibody was incubated at 4°C overnight, and goat anti-rabbit IgG
(511203, Zenbio, Chengdu, China) was used as the secondary antibody incubated for one
hour at room temperature. Imaging was captured using a TANON-5200Multi imaging
system (Ewell, Guangzhou, China) and analyzed using ImageJ software (ImageJ 1.53e,
National Institution of Health, Montgomery, MD, USA). Quantitative data were normalized
using endogenous GAPDH.

4.9. Statistical Analysis

Data are presented as the mean ± standard deviation (SD). Statistical significance
between groups was analyzed using one-way ANOVA, and p < 0.05 was considered as
statistically significant. All data were analyzed using the GraphPad Prism (GraphPad
Prism 8.02, San Diego, CA, USA).
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Abstract: Asprosin is a newly discovered adipokine that is involved in regulating metabolism.
Sympathetic overactivity contributes to the pathogenesis of several cardiovascular diseases. The par-
aventricular nucleus (PVN) of the hypothalamus plays a crucial role in the regulation of sympathetic
outflow and blood pressure. This study was designed to determine the roles and underlying mecha-
nisms of asprosin in the PVN in regulating sympathetic outflow and blood pressure. Experiments
were carried out in male adult SD rats under anesthesia. Renal sympathetic nerve activity (RSNA),
mean arterial pressure (MAP), and heart rate (HR) were recorded, and PVN microinjections were
performed bilaterally. Asprosin mRNA and protein expressions were high in the PVN. The high
asprosin expression in the PVN was involved in both the parvocellular and magnocellular regions
according to immunohistochemical analysis. Microinjection of asprosin into the PVN produced
dose-related increases in RSNA, MAP, and HR, which were abolished by superoxide scavenger
tempol, antioxidant N-acetylcysteine (NAC), and NADPH oxidase inhibitor apocynin. The asprosin
promoted superoxide production and increased NADPH oxidase activity in the PVN. Furthermore, it
increased the cAMP level, adenylyl cyclase (AC) activity, and protein kinase A (PKA) activity in the
PVN. The roles of asprosin in increasing RSNA, MAP, and HR were prevented by pretreatment with
AC inhibitor SQ22536 or PKA inhibitor H89 in the PVN. Microinjection of cAMP analog db-cAMP
into the PVN played similar roles with asprosin in increasing the RSNA, MAP, and HR, but failed to
further augment the effects of asprosin. Pretreatment with PVN microinjection of SQ22536 or H89
abolished the roles of asprosin in increasing superoxide production and NADPH oxidase activity in
the PVN. These results indicated that asprosin in the PVN increased the sympathetic outflow, blood
pressure, and heart rate via cAMP–PKA signaling-mediated NADPH oxidase activation and the
subsequent superoxide production.

Keywords: asprosin; paraventricular nucleus; reactive oxygen species; sympathetic activity;
blood pressure

1. Introduction

Sympathetic activity plays a critical role in the regulation of blood pressure. Chronic ex-
cessive sympathetic activity contributes to the pathogenesis of hypertension, chronic heart
failure, and chronic kidney disease [1–4]. Renal denervation is effective in lowering blood
pressure in patients with resistant hypertension [5]. The hypothalamic paraventricular
nucleus (PVN) is an important central integrative region in the regulation of cardiovascular
activity and a major source of excitatory drive for sympathetic outflow to the spinal cord

Int. J. Mol. Sci. 2022, 23, 12595. https://doi.org/10.3390/ijms232012595 https://www.mdpi.com/journal/ijms
121



Int. J. Mol. Sci. 2022, 23, 12595

by both direct and indirect projections [6]. The excessive sympathetic activation in hyper-
tension and chronic heart failure is mainly related to the changes in molecular signaling in
the PVN [7,8].

Asprosin, a novel adipokine, was firstly identified in 2016 as a fasting-induced protein
hormone that regulates hepatic glucose release [9]. The proprotein of asprosin is 2871 amino
acids long and is cleaved by the activated protease furin at its C terminus to produce a
140-amino-acid-long asprosin and mature fibrillin-1 (FBN1) [10]. Asprosin contributes to
metabolism and metabolic disorders, including obesity, diabetes, cardiovascular diseases,
and polycystic ovary syndrome [11–14]. Asprosin can cross the blood–brain barrier to
enhance the activity of orexigenic agouti-related peptide (AgRP) neurons in the hypotha-
lamus to increase appetite [15]. Asprosin is widely distributed in multiple tissues and
organs, including the hypothalamus of the brain [16]. Our preliminary study showed that
abundant asprosin existed in the PVN. However, it is not known whether asprosin in the
PVN is involved in regulating sympathetic activity and blood pressure.

Activation of the cAMP–protein kinase A (PKA) pathway in the PVN increases sympa-
thetic outflow [17–19]. The classical cAMP–PKA signaling contributes to the reactive oxygen
species (ROS) production induced by the β-adrenergic receptor agonist isoproterenol in
mouse cardiomyocytes [20,21]. NADPH-oxidase-derived superoxide production in the
PVN increases sympathetic outflow and mediates the angiotensin II or salusin-β-induced
sympathetic activation [22–24]. The increased superoxide production in the PVN contributes
to sympathetic overactivity in hypertension and chronic heart failure [7]. It was found that
the cAMP–PKA pathway is necessary for asprosin-mediated AgRP neuron activation in
the brain [15]. We were interested in whether cAMP and ROS production were involved in
the effects of asprosin. Here we investigated the roles and underlined the mechanisms of
asprosin in the PVN when regulating sympathetic activity and blood pressure.

2. Results
2.1. Asprosin Expression

The asprosin expressions were examined and compared in several important nuclei
of the brain for the regulation of sympathetic outflow and blood pressure. The asprosin
mRNA level was higher in the PVN but lower in the caudal ventrolateral medulla (CVLM)
compared with that in the rostral ventrolateral medulla (RVLM) (Figure 1A). Western blot
analyses showed high asprosin expression in the PVN; moderate expression in the RVLM,
nucleus tractus solitaries (NTS), and dorsal motor nucleus of the vagus (DMV); and low
expression in the CVLM (Figure 1B). Immunohistochemistry for asprosin at the PVN level
of the brain showed that high asprosin expression existed in the PVN, including both the
magnocellular and parvocellular neurons in the PVN (Figure 1C). These results suggested
a possibility that asprosin may have played crucial roles in the control of the sympathetic
outflow and blood pressure.

2.2. Dose Effects and Time Effects of Asprosin in PVN

Bilateral microinjection of asprosin in the PVN caused an immediate increase in the
RSNA, MAP, and HR (Figure 2A). Asprosin dose-dependently increased the RSNA, MAP,
and HR, and 5 pmol of asprosin almost reached its maximal effects (Figure 2B). The effects
of asprosin lasted about 30 min, and the maximal effects occurred approximately 5 min
after the PVN microinjection of asprosin. The PVN microinjection of PBS had no significant
effects on the RSNA, MAP, and HR (Figure 2C).
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Figure 1. Asprosin expression in the PVN. (A) Relative asprosin mRNA levels in some nuclei of the brain.
(B) Relative asprosin protein levels in some nuclei of the brain. (C) Representative images of immuno-
histochemistry for asprosin (brown color) in the PVN. The nuclei were stained with hematoxylin (blue
color). * p < 0.05 vs. RVLM. Values are given as mean ± SE. n = 3 per group. RVLM, rostral ventrolateral
medulla; CVLM, caudal ventrolateral medulla; PVN, paraventricular nucleus of hypothalamus; NTS,
nucleus tractus solitaries; DMV, dorsal motor nucleus of the vagus; 3V, the third ventricle.
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Figure 2. Effects of the microinjection of asprosin in the PVN on the RSNA, MAP and HR. (A) Repre-
sentative recordings showing the effects of microinjection of PBS and asprosin (5 pmol) in the PVN.
(B) Dose effects of asprosin (0, 0.05, 0.5, 5 pmol) in the PVN. * p < 0.05 vs. 0 pmol. (C) Time effects
of microinjection of PBS and asprosin (5 pmol) in the PVN. * p < 0.05 vs. PBS. Values are given as
mean ± SE. n = 6 per group.
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2.3. Effects of Asprosin Antibody in the PVN

Microinjection of specific antibodies in the PVN is a common method that is used to
investigate the effects of endogenous active peptides [25–27]. The PVN microinjection of
an anti-asprosin antibody to neutralize the endogenous asprosin reduced the RSNA and
MAP (Figure 3A) and abolished the asprosin-induced increases in the RSNA, MAP, and
HR (Figure 3B). The PVN microinjection of the control antibody had no significant effects.
These results suggest that endogenous asprosin in the PVN played a tonic role in enhancing
the sympathetic outflow.
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Figure 3. Roles of endogenous asprosin in regulating the RSNA, MAP, and HR. (A) Effects of
microinjection of anti-asprosin antibody in the PVN on the RSNA, MAP, and HR. * p < 0.05 vs. PBS.
† p < 0.05 vs. control antibody. (B) Effects of PVN pretreatment of anti-asprosin antibody on the roles
of asprosin in increasing the RSNA, MAP, and HR. The pretreatment was carried out 10 min before
the microinjection of asprosin (5 pmol) in the PVN. * p < 0.05 vs. PBS + PBS; † p < 0.05 vs. control
antibody + asprosin. Values are given as mean ± SE. n = 6 per group.

2.4. Roles of Superoxide Production Mediated the Effects of Asprosin

Enhanced superoxide production in the PVN increases the sympathetic outflow [7].
We were interested to know whether superoxide production was involved in the effects
of asprosin in the PVN. The microinjection of asprosin in the PVN increased superoxide
production and NADPH oxidase activity (Figure 4A). The PVN microinjection of superox-
ide scavenger tempol, antioxidant N-acetylcysteine (NAC), or NADPH oxidase inhibitor
apocynin reduced the RSNA, MAP, and HR (Figure 4B). Pretreatment with tempol, NAC,
or apocynin in the PVN almost abolished the effects of asprosin in the PVN (Figure 4C).
These results suggested that NADPH-oxidase-dependent superoxide production mediated
the effects of asprosin in increasing the RSNA, MAP, and HR.
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* p < 0.05 vs. PBS. (B) Effects of superoxide scavenger tempol (20 nmol), antioxidant NAC (40 nmol),
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DMSO. (C) Effects of PVN pretreatment with tempol, NAC, and apocynin on the roles of asprosin in
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DMSO + asprosin. Values are given as mean ± SE. n = 6 per group.

2.5. Roles of cAMP–PKA Signaling in Mediating the Effects of Asprosin in the PVN

The activation of cAMP–PKA pathway in the PVN promotes sympathetic activa-
tion [17–19]. The microinjection of asprosin into the PVN increased the cAMP level, AC
activity, and PKA activity in the PVN (Figure 5A). The PVN microinjection of the cAMP ana-
log dibutyryl-cAMP (db-cAMP) increased the RSNA and MAP, but AC inhibitor SQ22536 or
PKA inhibitor H89 reduced the RSNA and MAP (Figure 5B). Pretreatment with SQ22536 or
H89 in the PVN abolished the roles of asprosin, but db-cAMP failed to further enhance the
roles of asprosin in increasing the RSNA, MAP, and HR (Figure 5C). These results indicated
that asprosin-induced sympathetic activation was mediated by the cAMP–PKA signaling
pathway in the PVN, which was supported by findings showing that the cAMP–PKA
pathway contributes to asprosin-mediated glucose release in the liver [9] and AgRP neuron
activation in the brain [15].
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and protein kinase A (PKA) activity in the PVN. The measurements were made 15 min after the
microinjection. * p < 0.05 vs. PBS. (B) Effects of the cAMP analog db-cAMP (1 nmol), AC inhibitor
SQ22536 (2 nmol), and PKA inhibitor H89 (1 nmol) on the RSNA, MAP, and HR. * p < 0.05 vs.
PBS or DMSO. (C) Effects of PVN pretreatment with db-cAMP, SQ22536, and H89 on the roles of
asprosin in increasing the RSNA, MAP, and HR. The pretreatment was carried out 10 min before the
microinjection of asprosin (5 pmol) in the PVN. * p < 0.05 vs. PBS + PBS; † p < 0.05 vs. PBS + asprosin
or DMSO + asprosin. Values are given as mean ± SE. n = 6 per group.

2.6. cAMP–PKA Signaling Mediated the Effects of Asprosin on Superoxide Production

The cAMP–PKA signaling contributes to ROS production [20,21]. ROS plays a critical
role in the cAMP-induced activation of Ras in Leydig cells [28]. We further examined
whether cAMP–PKA signaling was involved in the NADPH oxidase activation and super-
oxide production in the PVN. The microinjection of AC inhibitor SQ22536 or PKA inhibitor
H89 attenuated the asprosin-induced superoxide production in the PVN (Figure 6A). The
role of SQ22536 or H89 in inhibiting the asprosin-induced superoxide production was
involved in both the magnocellular and parvocellular neurons in the PVN (Figure 6B).
Similarly, SQ22536 or H89 attenuated the asprosin-induced NADPH oxidase activation
in the PVN (Figure 6C). These results indicated that the cAMP–PKA signaling pathway
at least partially mediated the asprosin-induced NADPH oxidase activation and superox-
ide production.
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induced changes in superoxide production and NADPH oxidase activity in the PVN. (A) Superoxide
production. (B) Representative images showing the dihydroethidium (DHE) staining in the PVN.
3V, the third ventricle. (C) NADPH oxidase activity. The pretreatment with SQ22536 (2 nmol) or
H89 (1 nmol) was carried out 10 min before the microinjection of asprosin (5 pmol) in the PVN. The
measurements were made 15 min after the microinjection of asprosin. * p < 0.05 vs. PBS + PBS;
† p < 0.05 vs. PBS + asprosin. Values are given as mean ± SE. n = 6 per group.

3. Discussion

Asprosin is an adipokine that is associated with metabolism and metabolic disorder [9].
It serves as a hormone that acts on the hypothalamus to increase appetite by crossing the
blood–brain barrier [15]. The primary novel findings in this study were that asprosin in the
PVN increased the sympathetic activity, blood pressure, and heart rate via NADPH-oxidase-
dependent superoxide production. The cAMP–PKA signaling pathway was involved in
the asprosin-induced NADPH oxidase activation and subsequent superoxide production
(Figure 7).
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and blood pressure in rats and its signaling pathway.

The PVN, which is composed of parvocellular neurons and magnocellular neurons,
is an important integrative site in the brain. The parvocellular neurons project to the
intermediolateral cell column (IML) of the spinal cord and the RVLM neurons project to
the IML and contribute to the regulation of sympathetic activity and blood pressure [29].
Magnocellular neurons express a variety of neuropeptides, including arginine vasopressin
and oxytocin, and are involved in the regulation of both hydromineral homeostasis and
autonomous functions [30]. The asprosin mRNA and protein expressions existed in several
important nuclei in the brain for autonomic regulation, including RVLM, CVLM, PVN,
NTS, and DMV, while the highest asprosin expression was found in the PVN. The asprosin-
positive neurons included both parvocellular neurons and magnocellular neurons. The
PVN microinjection of asprosin increased the RSNA, MAP, and HR, while neutralization of
asprosin in the PVN with asprosin antibody reduced the RSNA, MAP, and HR. It was noted
that asprosin induced an immediate increase in the RSNA and MAP with similar durations.
According to the immediate response, the change range, and the parallel changes of the
RSNA and MAP, the asprosin-induced pressor response was primarily caused by sympa-
thetic activation. However, we cannot completely exclude the possibility that vasopressin
might play a small role in the asprosin-induced pressor response. Persistent sympathetic
activation not only increases blood pressure directly, and the increased norepinephrine from
the sympathetic endings promotes extracellular vesicle release from adventitial fibroblasts
of arteries [31]. These extracellular vesicles further contribute to vascular remodeling in
hypertension [32,33].

Superoxide production in the PVN increased the sympathetic outflow [34]. We found
that the microinjection of asprosin in the PVN increased the NADPH oxidase activity
and superoxide production. Inhibiting NADPH oxidase or scavenging superoxides in the
PVN not only reduced the RSNA, MAP, and HR but also abolished the effects of asprosin
in the PVN. These results provided solid evidence that the roles of asprosin in the PVN
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in increasing the RSNA, MAP, and HR were mediated by NADPH-oxidase-dependent
superoxide production. Previous studies showed that the increased superoxide production
in the PVN attributes to the excessive sympathetic activation in hypertension [35], chronic
heart failure [36], obesity [37], diabetes [38], and metabolic syndrome [23]. It is worthy to
study the roles of asprosin in the PVN in the sympathetic over-activation of these diseases.

The cAMP–PKA signaling pathway in the PVN mediates the roles of angiotensin-(1-7)
and alamandine in increasing the sympathetic activity [17–19]. Asprosin stimulates glucose
release from hepatic cells via activating the cAMP–PKA pathway [39]. We found that the
microinjection of asprosin into the PVN increased the cAMP level, AC activity, and PKA
activity in the PVN. The inhibition of AC or PKA in the PVN reduced the RSNA and MAP
and abolished the roles of asprosin in increasing the RSNA, MAP, and HR. The cAMP analog
db-cAMP increased the RSNA and MAP but did not further enhance the roles of asprosin.
These results indicated that the cAMP–PKA signaling pathway in the PVN mediated
the asprosin-induced sympathetic activation. The inhibition of AC or PKA in the PVN
attenuated the asprosin-induced NADPH oxidase activation and superoxide production in
the PVN. These results indicated that cAMP–PKA signaling mediated the asprosin-induced
superoxide production, which was supported by the findings that superoxides contribute
to the cAMP-induced activation of Ras in Leydig cells [28]. It was noted that the inhibition
of AC or PKA in the PVN could not completely abolish the effects of asprosin on the
NADPH oxidase activity and superoxide production, suggesting that there might be some
other signals involved in mediating the asprosin-induced NADPH oxidase activity and
superoxide production. It was found that serum asprosin is positively related to angiotensin-
converting enzyme inhibitor/angiotensin II receptor blocker therapy in type 2 diabetes
patients [40]. However, the interaction of asprosin with angiotensin in the PVN is not
known. Our previous studies showed that angiotensin II in the PVN induces sympathetic
activation and pressor responses via NADPH-oxidase-derived superoxide production [36],
and that Ang-(1-7) contributes to the enhanced sympathetic outflow via the cAMP–PKA
pathway in renovascular hypertension [17]. In the present study, we found that asprosin in
the PVN increased the sympathetic outflow, blood pressure, and heart rate via cAMP–PKA
signaling-mediated NADPH oxidase activation and subsequent superoxide production.
These results suggested that the interaction of asprosin with the angiotensin system might
exist in their downstream signaling pathway, which needs further investigation.

A previous study showed that asprosin promotes the upregulation of the antioxidant
enzyme superoxide dismutase 2 (SOD2) in mesenchymal stromal cells and that asprosin
inhibits the hydrogen-peroxide-induced ROS generation and apoptosis via ERK1/2-SOD2
pathway in these cells [41]. This study showed the novel mechanism of asprosin. We
found that asprosin induced an immediate sympathetic activation and increased NADPH
oxidase activity and superoxide production. The rapid responses must be mediated by the
intracellular second messenger rather than SOD2 or other anti-oxidant enzyme expressions;
therefore, we did not measure the antioxidant enzyme expressions in the PVN in this study.
However, we could not exclude the possibility that long-term asprosin administration may
increase the expressions of antioxidant enzymes in the PVN via its direct or secondary
mechanism. The different roles of asprosin in modulating the ROS may attribute to the
different receptors. So far, three types of asprosin receptors have been reported as follows:
(1) asprosin promoted glucose release in the liver through its G-protein-coupled receptor
called OR4M1 and its downstream cAMP–PKA pathway [9], (2) the olfactory receptor
OLFR734 acted as an asprosin receptor to regulate hepatic glucose production [42] and
male fertility [43], and (3) asprosin impairs insulin secretion through toll-like receptor
4 (TLR4) and its downstream JNK-mediated inflammation [44]. Asprosin activated cAMP–
PKA pathway to cause sympathetic activation in the present study. We speculate that
the effects of asprosin in the PVN may be mediated by OR4M1 or OLFR734 receptors.
A limitation of the present study was that the exact receptors of asprosin in the PVN in
modulating sympathetic outflow were not identified because specific antagonists of OR4M1
or OLFR734 receptors are not available at present.
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4. Materials and Methods
4.1. Animals and General Procedures

Experiments were performed in male SD rats weighing between 300 and 350 g. The rats
were kept in an environment under a 12 h cycle of light/dark with controlled temperature
and humidity. Standard laboratory chow and tap water were available ad libitum. Rats were
anesthetized with an intraperitoneal injection of a mixture of urethane (800 mg/kg) and α-
chloralose (40 mg/kg). The animal was kept in a supine position and the trachea and carotid
artery were exposed through a vertical incision in the middle of the neck. Endotracheal
intubation was made and connected to a small animal ventilator (683, Harvard Apparatus
Inc., Holliston, MA, USA) for positive pressure ventilation with room air. A PE50 catheter
connected with a pressure transducer was inserted into the right carotid artery for the blood
pressure recording. Then, the rats remained in a prone position and fixed on a stereotaxic
frame (Stoelting, Chicago, IL, USA) to perform surgery for the PVN microinjection and the
renal sympathetic nerve activity (RSNA) recording. Both the blood pressure and RSNA
signals were recorded with a data acquisition system (8SP, ADInstruments, Bella Vista,
NSW, Australia). The rats were stabilized for at least 30 min before the experiment and
finally euthanized via intravenous injection of sodium pentobarbital (100 mg/kg).

4.2. RSNA Recording

A left retroperitoneal incision was made to expose the left renal nerve. The nerve was
isolated and cut at its distal end to abolish the renal afferent activity. The central end of
the nerve was put on a pair of platinum electrodes and immersed in mineral oil at 37 ◦C.
The nerve signals were amplified using a model DP-304 differential amplifier (Warner
Instruments, Hamden, CT, USA). The band-pass filtration was set at 100–3000 Hz. The
RSNA was integrated at a time constant of 100 ms with LabChart 8 software (ADInstru-
ments, Bella Vista, NSW, Australia). Background noise was obtained by cutting the central
end of the nerve. The percentage change of integrated RSNA from the baseline value was
calculated after each intervention [25].

4.3. PVN Microinjection

Stereotaxic coordinates for the PVN microinjection were 0.4 mm lateral to the midline,
1.8 mm caudal from bregma, and 7.9 mm ventral to the dorsal surface according to the
Paxinos and Watson rat atlas. Bilateral PVN microinjections were made through glass
micropipettes (tip outer diameter 50 µm) with a 0.5 µL microsyringe and completed within
1 min. The microinjection volume for each side of the PVN was 50 nL. In the end, the same
volume of Evans Blue was microinjected into the PVN and prepared for the histological
identification of the microinjection sites. The rats were excluded if the microinjection
site was out of the PVN. A total of 6 rats were excluded from the data analysis in the
present study.

4.4. In Situ Detection of the Superoxide Level in the PVN

DHE (Beyotime Biotechnology, Shanghai, China) was used as a specific fluorogenic
probe for detecting superoxide levels in the PVN [26]. The rats were euthanized and
the brains were rapidly removed, frozen with liquid nitrogen, embedded into the tissue
OCT-Freeze Medium, and cryostat-sectioned (30 µm, coronal) onto the chilled microscope
slides. The sections were thawed at room temperature, rehydrated with phosphate-buffered
saline, and incubated for 5 min in the dark with DHE (1 µmol/L). After washing with
phosphate-buffered saline, the DHE fluorescence in sections was detected with a fluores-
cence microscope (BX51, Olympus, Tokyo, Japan) with an excitation wavelength of 543 nm.
The detector and laser settings were kept constant among all samples.

4.5. Measurements of Superoxide Production and NADPH Oxidase Activity

Coronal sections with a thickness of 450 µm at the PVN level were performed with
a cryostat microtome (Model CM1900, Leica, Wetzlar, Germany). The PVN tissue was
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punched out with a 15-gauge needle, homogenized in a lysis buffer, and then centrifuged.
The total protein concentration was measured with Bradford assay kit (BCA; Pierce, Santa
Cruz, CA, USA). The lucigenin-derived chemiluminescence method was used to measure
superoxide production and NADPH oxidase activity in the PVN [27,28]. Photon emission
was triggered by adding dark-adapted lucigenin (5 µM) to measure the superoxide produc-
tion, or both dark-adapted lucigenin (5 µM) and NADPH (100 µM) to measure the NADPH
oxidase activity. Light emission was measured with a luminometer (Model 20/20n, Turner,
CA, USA) ten times in 10 min. Background chemiluminescence was measured in the buffer
containing lucigenin (5 µM). The data were expressed in terms of the mean light unit
(MLU)/min/mg protein.

4.6. Quantitative PCR

Total RNA in the RVLM, CVLM, PVN, NTS, and DMV of the rat was extracted with
the reagent (Life Technologies, Gaithersburg, MD, USA). The purity and concentration of
the extracted RNA were determined with a UV spectrophotometer. The RNA samples were
subjected to a reverse transcription reaction to synthesize cDNA templates, which were
then subjected to PCR amplification. According to the consistency of the standard curve
amplification efficiency, the relative expression levels of asprosin mRNA in the samples
were analyzed using the ∆∆Ct method. GAPDH was used as a normalized control. The
primers used are listed in the online Supplementary Materials (Table S1).

4.7. Western Blot

Asprosin protein expression in the RVLM, CVLM, PVN, NTS, and DMV was examined
with Western blotting. Equal amounts of protein extracts were electrophoresed on 10%
SDS-PAGE and transferred onto a PVDF membrane. After blocking with 5% milk, the
membranes were incubated with the antibody against asprosin (1:1000) overnight at 4 ◦C
followed by incubation in HRP-conjugated secondary antibody (1:5000) for 1 h at room
temperature. The blots were visualized with chemiluminescence. β-actin was employed as
a normalized control.

4.8. Measurements with Commercial Kits

Measurements were performed following the manufacturer’s descriptions of the
kits. The cAMP content was measured with a Cyclic Adenosine Monophosphate Assay
Kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The AC activity was
examined with Adenylate Cyclase Activity Assay Kit (Mlbio Co., Shanghai, China). PKA
activity was determined with PKA Activity Kit (Enzo Life Sciences, Ann Arbor, MI, USA).
Absorbance was examined at 450 nm using an automatic plate reader (ELx800, Biotek
Instruments, Winooski, VT, USA).

4.9. Immunohistochemistry

Immunohistochemistry was performed to detect the asprosin expression in the brain
sections at the PVN level of rats. The primary anti-asprosin antibody was obtained from
FineBiotechCo. (Wuhan, China) and was diluted for use (1:200). Horseradish peroxidase-
conjugated goat anti-rabbit antibody was acquired from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA). Images were taken with a light microscope (BX-51, Olympus,
Tokyo, Japan).

4.10. Chemicals

SQ22536, db-cAMP, H89, and asprosin were purchased from Med Chem Express
(Monmouth Junction, NJ, USA). Tempol, apocynin, and NAC were obtained from Sigma
(St. Louis, MO, USA). Asprosin and tempol were dissolved in PBS, and other chemicals
were dissolved in PBS containing 1% DMSO. Vehicles were used as controls.
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4.11. Statistics

RSNA, MAP, and HR values were assessed by averaging 1 min data. All data were
expressed as mean ± SE. Student’s t-test was used to evaluate the statistical significance
of the difference between the two groups. Multiple comparisons were performed using
one-way or two-way ANOVA followed by Bonferroni’s post hoc analysis. A p-value < 0.05
was considered statistically significant.

5. Conclusions

Asprosin in the PVN increased the sympathetic outflow, blood pressure, and heart rate.
The effects of asprosin were mediated by the cAMP–PKA signaling-pathway-mediated
NADPH oxidase activation and subsequent superoxide production.
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Abstract: We examined the effects of an acute increase in blood pressure (BP) and renal sympathetic
nerve activity (rSNA) induced by bicuculline (Bic) injection in the paraventricular nucleus of hy-
pothalamus (PVN) or the effects of a selective increase in rSNA induced by renal nerve stimulation
(RNS) on the renal excretion of sodium and water and its effect on sodium-hydrogen exchanger
3 (NHE3) activity. Uninephrectomized anesthetized male Wistar rats were divided into three groups:
(1) Sham; (2) Bic PVN: (3) RNS + Bic injection into the PVN. BP and rSNA were recorded, and urine
was collected prior and after the interventions in all groups. RNS decreased sodium (58%) and water
excretion (53%) independently of BP changes (p < 0.05). However, after Bic injection in the PVN
during RNS stimulation, the BP and rSNA increased by 30% and 60% (p < 0.05), respectively, diuresis
(5-fold) and natriuresis (2.3-fold) were increased (p < 0.05), and NHE3 activity was significantly
reduced, independently of glomerular filtration rate changes. Thus, an acute increase in the BP
overcomes RNS, leading to diuresis, natriuresis, and NHE3 activity inhibition.

Keywords: NHE3; glomerular filtration rate; bicuculline; paraventricular nucleus of the hypothalamus;
sympathetic nerve activity

1. Introduction

The sympathetic nervous system (SNS) controls the sodium and water balance by the
kidneys and blood pressure (BP). The SNS influences renal function by inducing renal vaso-
constriction, stimulating renin secretion, and increasing tubular sodium reabsorption [1].
Sympathetic hyperactivity results in excessive vasoconstriction and hypertension [2]. Dur-
ing acute SNS activation, both arterial hypertension and sympathetic actions in the kidneys
control sodium and water excretion. However, the relative contribution to salt and water
balance by the kidneys of each of these mechanisms is not completely understood.

The brain controls SNS activity through specific nuclei, such as the paraventricular
nucleus of the hypothalamus (PVN). Experimentally inhibiting PVN decreases the BP and
sympathetic vasomotor tone [3], whereas activation of PVN has the opposite effects [4].
Cardiovascular actions can be evaluated by targeting this area with the GABAa receptor
antagonist bicuculline (Bic), which blocks the inhibitory synaptic influence on this crucial
cardiovascular control area [5].

Renal nerve stimulation (RNS) is a technique used to examine the specific influence
of SNS on renal function without altering the BP. For instance, low-frequency (LF) RNS
causes sodium and water reabsorption at the tubular level without affecting renal blood
flow and the glomerular filtration rate [6]. Additionally, Healey et al. showed that LF-RNS
results in sodium retention, primarily by increasing proximal tubule sodium reabsorption,
which is mediated by sodium hydrogen exchanger isoform 3 (NHE3) [7]. Because RNS
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can be applied at different frequencies, this technique enabled us to demonstrate that SNS
activation in the kidney can impact renal tubular function independently of hemodynamic
changes [8]. We found that ability of NHE3 to increase LF-RNS in the renal proximal tubule
was accompanied by activation of intrarenal but not circulating angiotensin II (Ang II); this
effect was completely abolished when the animals were pretreated with the Ang II type
1 receptor antagonist losartan [8] and occurred independently of BP changes. Therefore,
NHE3 hyperactivation in response to RNS depends on Ang II-induced Ang II type 1
receptor activation in the kidneys [8,9].

NHE3 is the renal apical transporter responsible for most sodium and water reabsorp-
tion at the proximal tubular level [10,11]. Thus, NHE3 plays an essential role in maintaining
the extracellular water balance, and natriuresis and diuresis are physiologically required
under increased BP to eliminate extracellular fluid. The primary role of NHE3 in pressure
natriuresis was recently demonstrated by Li et al. using proximal tubule-specific NHE3
knockout mice (PT-Nhe3−/−). The authors demonstrated that Ang II-induced hyperten-
sion was attenuated in PT-Nhe3−/− and that the mice displayed more prominent pressure
natriuresis in response to increased renal perfusion pressure [12].

Increased renal sympathetic nerve activity (rSNA) activates NHE3-mediated sodium
reabsorption [7,8], whereas an increased BP reduces this effect [11,13]. However, how proxi-
mal tubule NHE3-mediated sodium reabsorption is regulated in the presence of both rSNA
stimulation and increased BP remains unclear. Importantly, sympathetic vasomotor activa-
tion and arterial hypertension occur in different experimental hypertension models [14–17]
and hypertensive patients [18–20]. The PVN plays a major role in central cardiovascular
and volume control [2]. Therefore, we target the PVN and examined the effect of acute
increases in BP and rSNA induced by Bic injection or the effects of a selective increase in
rSNA by RNS on the renal excretion of sodium and water and its potential effect on the
regulation of NHE3 activity in uninephrectomized Wistar rats.

2. Results
2.1. First and Second Series of Experiments
2.1.1. Bic Injection into the PVN Increases BP and rSNA

We evaluated the effect of Bic injection into the PVN on the BP and rSNA. The BP and
rSNA were recorded in the sham group, in this group there was no injection of bicuculline
in the PVN. The Bic PVN group was injected with Bic into the PVN at baseline, which led
to an increase in both rSNA and BP.

Figure 1A shows representative tracers of the pulsatile BP and rSNA in the sham
group (throughout the experiment) and Bic PVN group (at baseline before Bic infusion).
Figure 1B shows the tracers after Bic infusion. The sham and Bic PVN groups before Bic
infusion showed similar values for the mean arterial pressure (MAP) and rSNA. After Bic
PVN infusion, the MAP and rSNA increased by ~30% (Figure 1C) and ~60% (Figure 1D),
respectively (MAP: sham 121 ± 6 mmHg, pre-Bic PVN 123 ± 5 mmHg, post-Bic PVN
160 ± 5 mmHg; and rSNA: sham 100 ± 3, pre-Bic PVN 95 ± 3, post-Bic PVN 159 ± 7%).

2.1.2. Bic Injection in the PVN Increases Urinary Flow Rate and Urinary Sodium Rate but
Not Creatinine Clearance

The effect of acute increases in the BP and rSNA on renal excretory function was
evaluated as creatinine clearance (CrCl, to estimate the glomerular filtration rate), urinary
flow rate (UFR), and urinary sodium rate (UNa). Soon after the BP and rSNA increased,
both UFR and UNa increased significantly, with no change in the CrCl.

The CrCl values of rats in the sham and Bic PVN groups before and after Bic infusion
were similar (0.0018 ± 0.0002, 0.0018 ± 0.0002, and 0.0018 ± 0.0001 mL/min/g, respec-
tively; Figure 2A). UFR and UNa showed similar values in the sham and Bic PVN groups
before Bic infusion. After Bic infusion, the UFR was 5-fold higher than that at baseline
(0.0349 ± 0.0114, 0.0300 ± 0.0037, and 0.1500 ± 0.0182 mL/min/g in the sham, pre-Bic PVN,
and post-Bic PVN groups, respectively; Figure 2B), and UNa was increased by ~2.3-fold
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(1.72 ± 0.06, 1.71 ± 0.07, and 3.95 ± 0.16 µEq/min/g in the sham, pre-Bic PVN, and post-Bic
PVN groups, respectively), Figure 2C.

1 

 

 
Figure 1. Effect of bicuculline injection into the paraventricular nucleus of the hypothalamus (Bic
PVN) on mean arterial pressure (MAP) and renal sympathetic nerve activity (rSNA). (A) Typical trace
containing pulsatile blood pressure (PBP) and rSNA of sham (whole experiment) and Bic PVN (at
baseline before bicuculline infusion) groups. (B) PBP of the Bic PVN group after bicuculline infusion.
Filtered signal from rSNA (black trace, second from top to bottom in (A,B) was first converted to
positive absolute values (rSNA absolute, blue traces third from top) and then to mV/s (rSNA absolute
mV/s, red lines bottom traces); see methods for more details. White bar represents the MAP of
the sham group during with the experiment, and black bars represent the MAP of the Bic PVN
group before and after Bic injection (C). White bar represents the MAP of the sham group during
the experiment; black bars represent the rSNA of the Bic PVN group before and after Bic infusion
(D). Representative histological image: arrow indicates the site of microinjection into the PVN. Scale
bar = 500 µm. 3 V, third ventricle (E). The number of rats is indicated inside the bars. * p < 0.001
compared to sham. # p < 0.001 compared to pre-Bic PVN. One-way analysis of variance for multiple
comparisons followed by Tukey’s test.
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Figure 2. Effect of bicuculline on the paraventricular nucleus of the hypothalamus (Bic PVN) on renal
function. (A) Creatinine clearance (CrCl) of rats in the sham, pre-Bic PVN, and post-Bic PVN groups.
(B) White bar represents the urinary flow rate (UFR) of rats in the sham group during the experi-
ment, and black bars represent the UFR of rats in the Bic PVN group before and after Bic injection.
(C) White bar represents the urinary sodium rate (UNa) of rats in the sham group during the experi-
ment, and black bars represent the UFR of rats in the Bic PVN group before and after Bic injection.
The number of rats is shown inside the bars. * p < 0.001 compared to sham. # p < 0.001 compared to
pre-Bic PVN. One-way analysis of variance for multiple comparisons followed by Tukey’s test.

2.1.3. Bic Injection in the PVN Increases NHE3 Phosphorylation Levels at Serine 552

To investigate the mechanism of diuretic and natriuretic pressure in more detail, we
evaluated whether these effects were associated with NHE3 inhibition. We assessed the
NHE3 phosphorylation levels at serine 552, a surrogate for NHE3 inactivation [21–24].
Figure 3A shows representative immunoblotting and semi-quantitative results for the
NHE3 total abundance, NHE3 phosphorylated at serine 552 (NHE3-PS552), and actin
in the renal cortex of sham and Bic PVN rats. Total NHE3 expression did not differ
between groups (sham: 100 ± 10% and Bic PVN: 122 ± 15%, Figure 3B), whereas the ratio
of NHE3-PS552 to total NHE3 was 49% higher in the Bic PVN group than in the sham
group (Figure 3C).
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Figure 3. Effect of bicuculline on the paraventricular nucleus of the hypothalamus (Bic PVN) on
sodium-hydrogen exchanger isoform 3 (NHE3). (A) Blots from the renal cortex of total NHE3, NHE3
phosphorylated at serine 552 (NHE3-PS552), and actin. The total amount of NHE3 corrected by actin
did not distinguish between the sham and Bic PVN groups (B). Ratio of PS552/total NHE3 was
significantly higher in the Bic PVN group (C). The number of rats is shown inside the bars. * p < 0.05
compared to sham. Student’s t-test.

2.2. Third Series of Experiments
2.2.1. Effect of RNS and RNS + Bic PVN on BP

To evaluate the diuretic and natriuretic pressure under conditions known to decrease
urinary excretion, we used a separate group of anesthetized animals. After baseline BP
and rSNA recordings, the animals were first subjected to RNS, which did not affect the BP.
Under RNS, animals were injected with Bic into the PVN, following which the BP increased.

The bars in Figure 4 represent the MAP values obtained from the same rats and
from the experiment at three different time points. The MAP values were similar at
baseline and under RNS. Under RNS, Bic PVN increased the MAP by approximately 33%
(122 ± 3 mmHg vs. 125 ± 3 mmHg vs. 163 ± 5 mmHg, respectively).

2.2.2. Effect of RNS and RNS + Bic PVN on Renal Function: CrCl, UFR, and UNa

To investigate the role of RNS alone and with a concomitant increase in BP caused by
Bic, we evaluated the CrCl, UFR, and Una at three different periodstime points (baseline,
RNS and RNS + Bic). RNS decreased both the UFR and UNa. Under RNS after Bic PVN,
the increase in BP was followed by diuresis and natriuresis. The CrCl remained unchanged
throughout the experiment.

The bars in Figure 5A represent the CrCl at three different time points in the experi-
ment (baseline: 0.001943 ± 0.0002 mL/min/g, RNS: 0.002029 ± 0.0001 mL/min/g, and
RNS + Bic PVN: 0.002072 ± 0.0001 mL/min/g). Compared to the value at baseline, the
UFR was significantly decreased by RNS and increased by Bic PVN (0.0358 ± 0.0012 vs.
0.0168 ± 0.0008 vs. 0.0594 ± 0.0020 mL/min/g, respectively) (Figure 5B). Compared to the
value at baseline, the UNa was significantly decreased by RNS and increased by Bic PVN
(1.54 ± 0.05 vs. 0.64 ± 0.05 vs. 4.06 ± 0.11 µEq/min/g, respectively) (Figure 5C).
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3. Discussion

We found that bicuculline injection in the PVN increased the rSNA and MAP; the
acute increase in BP was followed by diuresis and natriuresis, whereas CrCl remained
unchanged. In rats administered Bic in the PVN, NHE3 showed increased phosphorylation
at serine 552. Additionally, RNS decreased the UFR and UNa independently of changes in
the BP. Under these conditions, an acute increase in the BP (by Bic into the PVN) reverted
the effects of RNS and resulted in diuresis and natriuresis.

Disinhibition of the PVN, a vital nucleus containing pre-motor sympathetic neurons,
results in a pressor response. The acute increase in BP resulted in substantial pressure
diuresis and natriuresis, accompanied by increased NHE3 phosphorylation at serine 552.
We showed that in a model of acute increase in centrally generated BP, NHE3 phosphory-
lation is necessary to counteract the sympathetic antidiuretic and anti-natriuretic effects.
We injected Bic into the PVN to increase the BP rather than using vasoactive drugs such
as phenylephrine to avoid a reflex decrease in rSNA via the baroreceptor reflex [25,26].
As mentioned previously, PVN inhibition decreases the BP [3], whereas PVN activation
increases the BP [4], which is sympathetically mediated. There are two different groups
of PVN neurons: magnocellular and parvocellular. Porter and Brody stimulated one of
two different groups of PVN neurons and observed that magnocellular stimulation led to
vasodilation, whereas parvocellular stimulation resulted in vasoconstriction [27]. In this
study, we targeted parvocellular neurons because they project into the medulla and spinal
cord, which are also involved in autonomic BP regulation [2,28]. Based on our histological
images combined with autonomic and pressure responses, we predominantly activated
parvocellular neurons.

We found that the acute centrally generated increased BP was rapidly followed by
diuresis and natriuresis associated with higher renal cortical NHE3-PS552 levels. This
effect was achieved despite the increase in rSNA, a well-known stimulus of sodium and
water retention, without a change in BP [1,6]. Importantly, a correlation between NHE3-
PS552 and proximal tubule NHE3 activity has been demonstrated in several experimental
models, including in hypertensive animals [8,22–24,29–31]. Indeed, adult hypertensive
SHRs exhibit higher NHE3 activity, which correlates with higher renal cortical NHE3-
PS552 [22,23]. Another study by the same group showed that a vitamin D-free diet for
30 days led to hypertension in Wistar rats. Molecular experiments revealed higher NHE3-
PS552 levels in the renal cortex and medulla of vitamin D-deficient rats than in control
rats, which may be necessary to counteract the increased sodium reabsorption mediated
by other renal sodium apical transporters [32]. McDonough’s laboratory also focused on
determining the role of the proximal renal tubule in response to pressure natriuresis. In
Ang II-dependent hypertensive rats, increased diuresis and natriuresis were accompanied
by higher NHE3-PS552 [13]. In another study, female rats excreted sodium more rapidly
than did male rats in response to saline challenge, and female rats displayed higher levels of
NHE3-PS552 compared to males [24]. Our findings complement those of earlier studies and
support that NHE3 phosphorylation at serine 552 is an essential mechanism underlying
the pressure natriuresis response.

We assessed the role of RSN alone and its association with increased BP in renal
excretion. RNS is a widely used method that mimics increased rSNA and can be used to
determine the role of the SNS in renal function [1,6]. Many studies have demonstrated
that RNS increases sodium and water tubular reabsorption independently of glomerular or
hemodynamic changes [1,33]. We previously showed that RNS results in antidiuresis and
anti-natriuresis and is associated with a reduction in NHE3-PS552. Based on these previous
findings and the observation that Bic PVN produced pressor diuresis and natriuresis
associated with higher renal cortical NHE3-PS552 levels, we assessed a separate group of
rats under three different conditions to distinguish between BP and sRNA regulation of
sodium and water reabsorption. First, the BP of the rats was recorded for 1 h, following
which the renal nerve was stimulated using a frequency that causes tubular sodium and
water retention [8,9]. Finally, under RNS, Bic was injected into the PVN to cause an
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immediate increase in BP. Urine samples were collected at this time point. RNS increased
sodium and water reabsorption compared to that at the baseline period, as previously
demonstrated [8]. Furthermore, Bic in the PVN produced renal sodium and fluid excretion
values greater than those of the two previous periods in the same rats. Although RNS
is a potent stimulus of renal sodium and water retention, the increase in BP is a more
powerful stimulus for controlling extracellular fluid. However, we did not examine the
role of the renal nerve opposing natriuresis and diuresis under conditions such as chronic
hypertension, in which both rSNA and BP are chronically increased. A protocol using renal
denervation may clarify this mechanism.

3.1. Limitations of the Present Study

The experiments were carried out in anesthetized rats, and it is not possible to state
that the same findings will be obtained in awake rats. Assessing the PVN and recording
sympathetic activity simultaneously in non-anesthetized rats is a difficult task and only
new experiments will be able to clarify this question. However, to overcome this limitation,
the rats used in the three independent series of experiments were submitted to the same
experimental conditions, including the anesthesia protocol.

3.2. Conclusions

The major new finding of the present study is that an acute increase in the BP induced
by Bic in the PVN overcomes RNS, leading to diuresis, natriuresis, and increase in the NHE3
phosphorylation levels at serine 552, Figure 6 schematically shows this hypothesis. NHE3-
mediated sodium reabsorption by renal sympathetic activation may be a new therapeutic
target to treat hypertension.
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Figure 6. Schematic representation on the left of the figure shows increased NHE3 activity during
selective renal nerve stimulation leading to increased sodium and water retention as previously
reported [8]. On the right of the figure, shows that the renal nerve stimulation accompanied by
increased blood pressure during PVN activation leads to reduction of NHE3 activity and consequently,
increased salt and water excretion.
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4. Materials and Methods
4.1. Materials

Ketamine and xylazine were obtained from Syntec (Cotia, Brazil). Sodium thiopental
was obtained from Cristália (Itapira, Brazil). The monoclonal antibody to NHE3 was a gift
from Dr. Peter Aronson (Yale University, New Haven, CT, USA). A phosphor-specific mono-
clonal antibody that recognizes NHE3 only when it is phosphorylated at serine 552 [21] was
purchased from Santa Cruz Biotechnology (Dallas, TX, USA), and a monoclonal antibody
to actin (clone JLA20) was purchased from Merck (Darmstadt, Germany). Horseradish
peroxidase-conjugated goat anti-mouse and goat anti-rabbit secondary antibodies were
purchased from Life Technologies (Carlsbad, CA, USA). All other reagents were purchased
from Sigma Chemical (St. Louis, MO, USA) unless otherwise stated.

4.2. Animals

All experimental procedures were performed according to the guidelines established
by the Institutional Animal Care Committee of the Ethics in Research Committee of the
Universidade Federal de São Paulo (protocol no. 0361/11). Male Wistar rats (n = 19,
250–300 g, 8–9 weeks old) were obtained from the animal care facility at the Universidade
Federal de São Paulo. All animals were housed in group cages, provided free access to rat
chow and water, and maintained in a temperature-controlled environment (23 ◦C) on a
12:12 h light-dark cycle. The animals were subjected to right nephrectomy, as described
previously [8], to avoid any influence from the contralateral kidney. The animals were
administered meloxicam (0.1 mg/kg) on the day of surgery and on the two following days.

4.3. Study Design

The rats were divided into three groups for the experiments: (1) sham, in which the
BP and rSNA were recorded, and urine was collected over 2 h; (2) Bic PVN, in which
the BP and rSNA of the rats were recorded, and urine was collected for 1 h at baseline
conditions and during 1 h after the GABA-A antagonist Bic was infused into the PVN; and
(3) RNS + bicuculine injection into the PVN, after which the BP and rSNA were recorded,
and urine was collected for 1 h after RNS and 1 h after Bic injection into the PVN.

In three series of experiments 7–8 days after uninephrectomy (right kidney) to avoid
possible effects from the contralateral kidney by the reno-renal reflex [1], the rats were
anesthetized (sodium thiopental; 60 mg/kg intraperitoneally) and tracheotomized. The
femoral vein was catheterized with a PE-10 polyethylene tube connected to a PE-50 for
administration of additional anesthetic (10 mg (kg·h) intravenously) and isotonic saline
at 10 mL/(kg·h) in the three independent series of experiments. The femoral artery was
cannulated to directly measure the arterial pressure. The temperature of the rats was
maintained at 37 ◦C using a rectal probe connected to a servo-controlled electric blanket
(Letica®, Woonsocket, RI, USA). The femoral artery catheter was connected to a pressure
transducer, and the arterial pressure was recorded online (PowerLab, ADInstruments,
Sydney, Australia). The ureter was catheterized with polyethylene tubing (PE-10) to collect
the urine.

4.4. rSNA Signal Acquisition

A retroperitoneal incision was made to expose the left kidney and record rSNA. Using
a dissecting microscope and fine forceps, the renal nerve was localized, freed from the
connective tissue, and positioned on a bipolar silver recording electrode. The renal nerve
and electrode were covered with paraffin oil. The signal of the renal nerve was displayed
on an oscilloscope, and nerve activity was amplified (gain 20,000, Neurolog, Digitimer,
Hertfordshire, UK), filtered with a band-pass filter (100–1000 Hz), and collected for display
and analysis using a PowerLab data-acquisition system (ADInstruments).

In the third series of experiments (RNS + BicPVN), as previously described [8,9], after
BP was recorded for 1 h (baseline), we applied RNS for 1 h using parameters known to
cause sodium and water retention without altering the renal blood flow and glomerular
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filtration rate [6]. Furthermore, for an additional 1 h, the RNS was maintained, and Bic was
injected into the PVN to increase the BP (RNS + Bic PVN). Urine samples were collected
separately during each of the three periods. At the end of the experiment, plasma samples
were stored as described above and are shown in Supplementary Figures S1 and S2. The
animals were euthanized by injecting 5% KCl intravenously into the bolus.

4.5. RNS

To stimulate the renal nerve, we first localized and dissected this nerve, as described
above. The renal nerve was placed on the bipolar electrode and then cut at the proximal
part, so that the stimulation was only efferent. The electrode was connected to an electrical
stimulator system (Grass S88,RI, USA), and the distal portion of the renal nerve was
stimulated for 15, 1.5, and 0.5 ms.

4.6. Bic PVN Injection

Bic PVN microinjections were performed as described previously [34]. The rats were
placed in a stereotaxic frame, and the PVN was located 1.8 mm caudal to the bregma, 0.5 mm
lateral, and 7.8 mm deep (bite bar: −3.4 mm). Unilateral microinjections into the PVN were
performed using glass micropipettes with tip diameters of 10–20 µm connected to a nitrogen
pressure injector (MicroData Instruments, South Plainfield, NJ, USA). Microinjections were
comprised of Bic methiodide (4 mM) in a volume of 100 nL. All drugs were dissolved in
sterile saline.

4.7. Analysis of Baseline rSNA

Renal nerve activity was analyzed offline using a software (PowerLab, ADInstru-
ments). The filtered nerve signal was rectified using only positive absolute values and
then smoothed into a single line to obtain the mV/s. We assumed that the baseline signal
represented 100%. We then compared the period in which the rSNA changed after Bic PVN.
The background level of rSNA was determined by intravenous hexamethonium bromide
administration (30 mg/Kg) as previously reported [14].

4.8. Plasma and Urine Analyses

At the end of the experiment, blood and urine samples and the kidneys were collected
for subsequent analysis. A blood sample (approximately 1 mL) was collected from the
femoral artery, and the left kidney was extracted. Blood samples were centrifuged at
3000× g for 20 min at 4 ◦C, and the plasma was stored at −80 ◦C. The kidneys were
kept for up to 5 h in ice-cold PBS (150 mM NaCl, 2.8 mM sodium phosphate monobasic,
7.2 mM sodium phosphate dibasic at pH 7.4) containing protease (0.7 mg/mL pepstatin,
0.5 mg/mL leupeptin, and 40 mg/mL PMSF) and phosphatase (15 mM sodium fluoride
and 50 mM sodium pyrophosphate) inhibitors.

The UFR was determined by measuring the urinary volumes normalized to the body
weight obtained over a period. UNa concentrations were measured with an electrolyte
analyzer (AVL Medical Instruments, Saint Quen l’Aumone, France) and then multiplied
by the UFR to obtain the UNa. The CrCl was used to estimate glomerular filtration rates.
Plasma and urinary creatinine concentrations were measured using a kinetic method
(Labtest, Minas Gerais, Brazil) with a Thermo Plate Analyzer Plus (Thermo Fisher Scientific,
Waltham, MA, USA).

4.9. Renal Cortical Membrane Protein Isolation

The kidneys were homogenized in ice-cold PBS. The kidney cortices were isolated at
4 ◦C and homogenized in PBS. The homogenate was centrifuged at 4000× g for 10 min at
4 ◦C, and the supernatant was removed and subjected to an additional 90 min of centrifuga-
tion at 28,000× g at 4 ◦C. The supernatant was discarded, and the pellets were resuspended
in fresh PBS containing protease and phosphatase inhibitors. Protein concentrations were
measured using the Lowry method [35].

144



Int. J. Mol. Sci. 2023, 24, 349

4.10. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Immunoblotting

Renal cortical membrane proteins were solubilized in sample buffer (2% sodium
dodecyl sulfate, 20% glycerol, 100 mM 2-mercaptoethanol, 50 mM Tris, pH 6.8, 0.05%
bromophenol blue) and separated using sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis on a 7.5% polyacrylamide gel. Proteins were then transferred from the polyacry-
lamide gel to a polyvinylidene difluoride microporous membrane (Immobilon, Millipore,
Billerica, MA, USA). The membranes were blocked for 1 h with blocking solution (5%
non-fat dry milk and 0.1% Tween 20 in PBS, pH 7.4) and incubated overnight with 1:1000
anti-NHE3, 1:1000 anti-PS552-NHE3 (phosphor specific anti-NHE3 monoclonal antibody
directed against phospho-serine 552), or 1:5000 anti-actin. The membranes were washed
five times with blocking solution and incubated for 1 h with the appropriate horseradish
peroxidase-conjugated immunoglobulin secondary antibody (1:2.000). After five washes in
blocking solution, the membranes were rinsed twice in PBS and incubated with enhanced
chemiluminescence reagent for 1 min. The membranes were digitized on an ImageScanner
LAS 4000 mini (GE Healthcare, Little Chalfont, UK) and quantified using ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

4.11. Statistics Analysis

All results are reported as the mean ± SE. Comparisons among groups were performed
using one-way analysis of variance for multiple comparisons followed by Tukey’s test or
Student’s t-test. A p-value < 0.05 was considered to indicate statistically significant results.

5. Conclusions

Our results suggest that an acute increase in BP has a more powerful influence on
renal sodium and water absorption than the effect of acute stimulation of rSNA. Under
both conditions, NHE3 phosphorylation regulation at serine 552 appears to play a critical
role in sodium reabsorption.
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Abstract: There are substantial differences in autonomic nervous system activation among heart
(cardiac) failure (CF) patients. The effect of acute CF on autonomic function has not been well
explored. The aim of our study was to assess the effect of experimental acute CF on heart rate
variability (HRV). Twenty-four female pigs with a mean body weight of 45 kg were used. Acute
severe CF was induced by global myocardial hypoxia. In each subject, two 5-min electrocardiogram
segments were analyzed and compared: before the induction of myocardial hypoxia and >60 min
after the development of severe CF. HRV was assessed by time-domain, frequency-domain and
nonlinear analytic methods. The induction of acute CF led to a significant decrease in cardiac output,
left ventricular ejection fraction and an increase in heart rate. The development of acute CF was
associated with a significant reduction in the standard deviation of intervals between normal beats
(50.8 [20.5–88.1] ms versus 5.9 [2.4–11.7] ms, p < 0.001). Uniform HRV reduction was also observed
in other time-domain and major nonlinear analytic methods. Similarly, frequency-domain HRV
parameters were significantly changed. Acute severe CF induced by global myocardial hypoxia is
associated with a significant reduction in HRV.

Keywords: acute heart failure; experimental model; heart rate variability; pig

1. Introduction

Neurohumoral activation, including sympathetic overactivity and vagal tone with-
drawal, plays an important role in the pathogenesis and progression of heart failure
with reduced ejection fraction (HFrEF) [1,2]. Pharmacotherapy that aims to reduce renin-
angiotensin-aldosterone axis activation and autonomic nervous system imbalance contin-
ues to be the cornerstone of therapy [3–5]. Nevertheless, the prognosis of HFrEF remains
poor [6]. Recently, several neuromodulation strategies have been proposed in HFrEF pa-
tients; they directly target the autonomic nervous system to improve residual autonomic
imbalance. Despite promising preclinical results, neuromodulation has failed to prove
beneficial in randomized clinical trials [7–9].

Heart rate variability (HRV) is a parameter that reflects autonomic nervous system
activation. It has been shown that therapeutic approaches that decrease mortality in
HFrEF patients (physical activity, pharmacotherapy, cardiac resynchronization therapy)
also increase HRV [10–13]. Thus, HRV improvement may be a desirable therapeutic aim
of neuromodulation in the heart (cardiac) failure (CF) population. There are, however,
substantial differences in HRV among CF patients. Some CF patients, who are characterized
by a lower HRV, reflecting higher cardiac sympathetic nervous activity and more severe CF,
may benefit from neuromodulation therapy [14]. The failure of neuromodulation therapy
in clinical settings due to the enrollment of subjects with insufficiently advanced disease is
debatable. Clinical data related to HRV in acute CF are scarce [15], and the effect of acute
severe CF on HRV has not been experimentally explored in detail before.
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The main objective of this study was to test the hypothesis that acute severe experi-
mental CF significantly decreases HRV. We further aimed to describe individual differences
in reaction to acute CF development using a broad range of HRV metrics.

2. Results

Electrocardiogram (ECG) data from 23 subjects were eligible for HRV analysis. One
subject with continuous arrhythmia was excluded. The development of severe acute CF
resulted in a significant decrease in systemic arterial blood pressure, cardiac output, and
left ventricular ejection fraction, while heart rate significantly increased. Hemodynamic
details related to the development of acute CF are outlined in Table 1.

Table 1. Main hemodynamic and vital signs variables at baseline and after the induction of acute
heart failure.

Baseline Acute Heart Failure p-Value

Heart rate (bpm) 88.9 ± 26.0 107.5 ± 26.4 0.01

Mean aortic pressure (mmHg) 94.9 ± 9.3 67.9 ± 23.1 <0.001

Systolic aortic pressure (mmHg) 115.4 ± 12.3 84.1 ± 22.4 <0.001

Diastolic aortic pressure (mmHg) 79.4 ± 8.5 59.9 ± 21.3 0.005

Central venous pressure (mmHg) 3.6 ± 1.5 5.1 ± 2.8 0.03

Mean pulmonary arterial pressure (mmHg) 18.7 ± 4.7 22.8 ± 4.6 0.005

Diastolic pulmonary arterial pressure (mmHg) 13.1 ± 4.6 19.1 ± 4.7 <0.001

Pulse oximetry (tail; %) 98.8 ± 1.6 97 ± 2.4 0.017

Cerebral tissue oximetry (NIRS; %) 62.3 ± 6.7 53.2 ± 14.5 0.046

Hind limb tissue oximetry (NIRS; %) 56.5 ± 7.3 54.3 ± 7.2 0.051

Left ventricular dP/dtmax (mmHg/s) 1740 ± 454 949 ± 316 <0.001

Left ventricular end-diastolic volume (mL) 126.9 ± 11.1 135.8 ± 15.9 0.058

Stroke volume (mL) 74.8 ± 9.8 23.8 ± 7.4 <0.001

Cardiac output (L/min) 7.2 ± 1.8 2.6 ± 0.7 <0.001

Left ventricular ejection fraction (%) 57.9 ± 4.9 17.2 ± 5.0 <0.001

Data are expressed as mean and standard deviation. dP/dtmax = maximal rate of pressure rise during ventricular
contraction; NIRS = near-infrared spectroscopy.

2.1. Effect of Experimental Acute Heart Failure on Time-Domain Parameters of Heart Rate Variability

Acute CF led to a prominent and uniform decrease in the standard deviation of inter-
vals between normal beats (SDNN; 50.8 [20.5–88.1] ms versus 5.9 [2.4–11.7] ms, p < 0.001),
as well as the square root of the mean of the sum of the squares of differences between
adjacent NN intervals (RMSSD; 46.3 [10.1–87.2] ms versus 2.0 [21.8–6.2] ms, p < 0.001) and
a number of pairs of adjacent NN intervals differing by more than 50 ms divided by the
total number of all NN intervals (pNN50; 4.0 [0.0–15.2]% versus 0.0 [0.0–0.0]%, p < 0.001;
Figure 1). A representative example of time-domain HRV analysis is displayed in Figure 2.

2.2. Effect of Experimental Acute Heart Failure on Frequency-Domain Parameters of Heart
Rate Variability

Spectral frequency analysis of HRV also revealed significant changes following acute
CF induction compared with the baseline. Significant increase in low frequency (LF)
expressed in normalized units (n.u.; 5.3 [2.7–15.4] n.u. versus 9.5 [4.1–14.2] n.u., p = 0.01) and
a low frequency over high-frequency ratio (LF/HF; 0.06 [0.03–0.09] versus 0.10 [0.04–0.17],
p = 0.008) was observed, whereas the high frequency (HF) significantly decreased (94.7
[91.7–97.3] n.u. versus 90.5 [85.8–95.9] n.u., p = 0.01; Figure 3).
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Figure 1. Effect of acute heart failure on time-domain parameters of heart rate variability displayed 
as an individual graph (A) and as median with interquartile range, minimum and maximum value 
(B). AHF = acute heart failure; pNN50 = number of pairs of adjacent NN intervals differing by more 
than 50 ms divided by the total number of all NN intervals; RMSSD = square root of the mean of the 
sum of the squares of differences between adjacent NN intervals; SDNN = standard deviation of 
intervals between normal beats. 

Figure 1. Effect of acute heart failure on time-domain parameters of heart rate variability displayed as
an individual graph (A) and as median with interquartile range, minimum and maximum value (B).
AHF = acute heart failure; pNN50 = number of pairs of adjacent NN intervals differing by more than
50 ms divided by the total number of all NN intervals; RMSSD = square root of the mean of the sum
of the squares of differences between adjacent NN intervals; SDNN = standard deviation of intervals
between normal beats.
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Figure 2. Representative example of HRV analysis comparing time-domain HRV parameters before 
(A) and after (B) acute CF induction in one study subject. BPM = beats per minute; pNN50 = number 
of pairs of adjacent NN intervals differing by more than 50 ms divided by the total number of all 
NN intervals; RMSSD = square root of the mean of the sum of the squares of differences between 
adjacent NN intervals; RR = interval between adjacent R waves; SDNN = standard deviation of 
intervals between normal beats. 
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Figure 2. Representative example of HRV analysis comparing time-domain HRV parameters before
(A) and after (B) acute CF induction in one study subject. BPM = beats per minute; pNN50 = number
of pairs of adjacent NN intervals differing by more than 50 ms divided by the total number of all NN
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intervals; RMSSD = square root of the mean of the sum of the squares of differences between adjacent
NN intervals; RR = interval between adjacent R waves; SDNN = standard deviation of intervals
between normal beats.
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Figure 3. Effect of acute heart failure on frequency-domain parameters of heart rate variability. Data 
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[1.3–4.4] ms, p < 0.001; SD2, 50.8 [21.1–93.8] ms versus 8.3 [3.0–15.0] ms, p < 0.001; Figure 
4). 

Figure 3. Effect of acute heart failure on frequency-domain parameters of heart rate variability. Data
are expressed as median with interquartile range, minimum and maximum value. AHF = acute heart
failure; HF = high frequency; LF = low frequency; n.u. = normalized units; VLF = very low frequency.

2.3. Effect of Experimental Acute Heart Failure on Nonlinear Analysis of Heart Rate Variability

The basic parameters from the nonlinear analysis of HRV (SD1, SD2) also prominently
and uniformly decreased with acute CF (SD1, 37.8 [7.2–61.7] ms versus 1.4 [1.3–4.4] ms,
p < 0.001; SD2, 50.8 [21.1–93.8] ms versus 8.3 [3.0–15.0] ms, p < 0.001; Figure 4).
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individual graph (A) and as median with interquartile range, minimum and maximum value (B). 
AHF = acute heart failure; SD1 = standard deviation of the points along short semi-axis of an ellipse 
fitted to Poincaré plot; SD2 = standard deviation of the points along long semi-axis of an ellipse 
fitted to Poincaré plot. 
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The major observation of this study is that acute severe CF significantly influences 

HRV. To the best of our knowledge, this is the first demonstration that the development 
of acute CF is associated with a reduction in HRV. Changes in the time-domain and main 
nonlinear analytic parameters were particularly uniform and pronounced, but changes in 
frequency-domain parameters were also significant. 

It is well known that HFrEF patients have a lower HRV compared with healthy 
individuals [16]. The significant prognostic value of HRV in the CF population has also 
been extensively explored [17,18]. Likewise, decreased HRV has been documented in an 
experimental model of chronic (progressive) CF, primarily induced by rapid right 
ventricular pacing [19,20]. Surprisingly, the effect of acute CF on HRV has not been 
described in detail before. 

The results of the present study are in agreement with previous experiments that 
documented the relationship between an acute pathological situation, such as 
hemorrhagic shock or sepsis, and a decrease in HRV [21–23]. In sepsis, the decrease in 
HRV preceded hemodynamic changes [21,22]. In hemorrhagic shock, hemodynamic and 
metabolic variables were better discriminants in revealing survivors than HRV metrics 

Figure 4. Effect of acute heart failure on nonlinear analysis of heart rate variability displayed as
individual graph (A) and as median with interquartile range, minimum and maximum value (B).
AHF = acute heart failure; SD1 = standard deviation of the points along short semi-axis of an ellipse
fitted to Poincaré plot; SD2 = standard deviation of the points along long semi-axis of an ellipse fitted
to Poincaré plot.

3. Discussion

The major observation of this study is that acute severe CF significantly influences
HRV. To the best of our knowledge, this is the first demonstration that the development
of acute CF is associated with a reduction in HRV. Changes in the time-domain and main
nonlinear analytic parameters were particularly uniform and pronounced, but changes in
frequency-domain parameters were also significant.

It is well known that HFrEF patients have a lower HRV compared with healthy
individuals [16]. The significant prognostic value of HRV in the CF population has also
been extensively explored [17,18]. Likewise, decreased HRV has been documented in
an experimental model of chronic (progressive) CF, primarily induced by rapid right
ventricular pacing [19,20]. Surprisingly, the effect of acute CF on HRV has not been
described in detail before.

The results of the present study are in agreement with previous experiments that
documented the relationship between an acute pathological situation, such as hemorrhagic
shock or sepsis, and a decrease in HRV [21–23]. In sepsis, the decrease in HRV preceded
hemodynamic changes [21,22]. In hemorrhagic shock, hemodynamic and metabolic vari-
ables were better discriminants in revealing survivors than HRV metrics [23]. Thus, HRV
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may not always serve as a marker of the severity of a pathological situation. Nevertheless,
in subjects suffering from chronic CF, clinical and veterinary data suggest that HRV neg-
atively correlates with disease severity [24,25]. Our findings support these data and also
imply a close relationship between acute severe CF and pronounced autonomic imbalance.

Moreover, according to time-domain and nonlinear HRV parameters, severe acute CF
reduces HRV in every single subject. It supports our hypothesis that the patients with high
HRV enrolled in neuromodulation studies had insufficiently impaired autonomic balance,
signaling a less severe disease. HRV or other autonomic balance estimating tools should be
involved in the recruitment process when testing the therapy which affects the autonomic
nervous system in CF patients.

Evaluating the effect of our acute CF model on the parasympathetic versus sympa-
thetic nervous system is challenging, as the relationship between both branches of the
autonomic nervous system is complex and not simply competitive [26]. Moreover, the
interpretation of individual HRV parameters may be problematic, as none of the HRV
parameters reflects solely sympathetic nervous system activity change [27]. Nevertheless, a
pronounced decrease in time-domain methods, SD1 and HF power signals that a reduction
of parasympathetic nervous system activity was the predominant change in the autonomic
balance after the development of acute CF in our model [28]. Baroreceptor reflex activation
due to loss of myocardial contractility with subsequent systemic hypotension was probably
the main vagal activity-modulating factor [29]. Reduction of parasympathetic nervous
system activity also probably contributed to a significant decrease in very low frequency
(VLF) power [30].

Study Limitations

Our study has several limitations. Extrapolation of our findings to the clinical setting
in HFrEF may be problematic, as we used a model of acute CF, specifically severe acute CF,
with features of cardiogenic shock, as opposed to chronic CF. It is, therefore, not clear that
changes in HRV would also be as pronounced and uniform in less severe CF.

The hypoxic model of acute CF may be associated with transient hypoxemia in the
carotid arteries, beginning after the initiation of hypoxia and lasting until the loss of left
ventricular contractility, which is followed by prevalent perfusion of the carotid region
by oxygenated blood from the ECMO. During the experiment, decreased cerebral tissue
saturation < 40% was detected by near-infrared spectroscopy oximetry in the majority
of animals. Despite the fact that we did not observe any severe clinical signs of hypoxic
brain damage (seizures or impaired brain stem reflexes) and subcortical structures involved
in autonomic nervous system circuits are less susceptible to hypoxia than the cortex, we
cannot entirely exclude the influence of short-term hypoxia on the autonomic nervous
system. Using standard HRV measures, it is not well possible to differentiate the effect of
cerebral hypoxia on HRV from the compensatory HRV reaction due to the loss of myocardial
contractility. HRV response can be non-specific regarding the etiology of the insult, and
HRV changes are also dependent on the insult severity [31]. Nevertheless, the pattern of
HRV change following the development of acute CF was identical in all study subjects,
although some experienced minimal, whereas others had longer or deeper cortical hypoxia.
Therefore, we believe that changes in HRV predominantly reflect autonomic imbalance
caused by acute CF. Moreover, apart from possible transient cerebral hypoxic hypoxia linked
to our acute CF model, severe acute CF or cardiogenic shock is frequently accompanied
by circulatory cerebral hypoxia. From this aspect, brain hypoxia is an integrative and
inseparable part of severe acute CF syndrome and reflects a common clinical scenario.

HRV frequency-domain parameters may also be impaired by changes in ventilation
parameters during the experiment (lower tidal volume and respiratory frequency) [32].
However, time-domain analyses of HRV should not be affected by ventilation [33].

Only two 5-min ECG segments were chosen for HRV analysis in each subject (before
and after the development of acute CF), with an emphasis on the quality of the traces, as
this experimental model is associated with frequent rhythmic disturbances. We did not
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endeavor to map HRV timeline changes following acute CF induction but aimed to describe
the extent of the response.

We expressed HRV according to customary practice in non-indexed values. Never-
theless, there is a negative exponential relationship between heart rate and HRV [34]. As
heart rate was significantly higher after the induction of acute CF, when using HRV metrics
corrected for heart rate, the change in HRV would be slightly smaller.

Finally, we cannot entirely exclude the influence of sex on HRV, as only female pigs
were enrolled due to the easier cannulation of the urinary tract in comparison with boars.
In healthy human subjects, significant differences in HRV have been previously described
between males and females [35,36]. We may hypothesize that baseline HRV behaves
similarly in a porcine model and thus, we cannot exclude that the extent of the changes in
HRV would be different in males.

4. Materials and Methods
4.1. Animal Model

Twenty-four female domestic pigs (Sus scrofa domestica, Large White × Landrace cross-
breed), 4–5 months of age, with a mean body weight of 45 kg, were enrolled. The animal
model used in the present study has been described in detail previously [37,38]. Briefly,
after 24 h of fasting, general anesthesia was induced by intramuscular administration
of midazolam (0.3 mg/kg) and ketamine hydrochloride (15–20 mg/kg). Following an
intravenous bolus of propofol and morphine, endotracheal intubation was performed.
General anesthesia was maintained by continuous intravenous administration of propofol,
midazolam and morphine. Drop rates of infusions with normal saline and unfractionated
heparin were adjusted to maintain a mean central venous pressure of 5–7mmHg and an
activated clotting time of 200–250 s, respectively.

4.2. Hypoxic Model of Acute Heart Failure

The hypoxic model of severe acute CF used in the present study has been described
previously [38,39]. Global myocardial hypoxia was induced by perfusing the anterior body
with deoxygenated blood. This was achieved by reducing ventilation support after the
initiation of veno-arterial extracorporeal membrane oxygenation (VA-ECMO). In detail,
tidal volume was reduced to 100 mL, respiratory frequency to 5 breaths per minute and
fraction of inspired oxygen to 0.21. Positive end-expiratory pressure was maintained at 6 cm
H2O. Ventilation was partially increased to prevent circulatory collapse if needed. Global
myocardial hypoxia led to a rapid decrease in ventricular contractility, resulting in reduced
ejection fraction, cardiac output and systemic arterial blood pressure. The Hamilton G5
(Hamilton Medical AG, Bonaduz, Switzerland) mechanical ventilator and VA-ECMO in
femoro-femoral configuration with a 21 Fr venous cannula, 15–18 Fr arterial cannula and
i-cor (Xenios AG, Heilbronn, Germany) or Cardiohelp (Getinge, Rastatt, Germany) systems
were used.

4.3. Vital Signs and Hemodynamic Monitoring

Vital signs and invasive hemodynamics were monitored throughout the experiment,
including continuous ECG, pulse oximetry measured at the tail, central venous pressure,
arterial pressure obtained invasively from the aortic arch using a pigtail catheter and
standard fluid-field pressure transducer, pulmonary arterial pressure measured by Swan-
Ganz catheter, and cerebral and peripheral tissue oximetry using near-infrared spectroscopy
(INVOS, Medtronic, Minneapolis, MN, USA). The Life Scope TR (Nihon Kohden, Tokyo,
Japan) and Vigilance II (Edwards Lifescience, Irvine, CA, USA) hemodynamic monitors
were used for continuous hemodynamic data recording. Left ventricular performance was
assessed by pressure-volume 7 Fr pigtail conductance catheter Scisense (Transonic, Ithaca,
NY, USA) inserted into the left ventricle through the aortic valve via the left carotid artery.
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4.4. Study Protocol and Heart Rate Variability Assessment

ECG was continuously recorded during the experiment. In each subject, two 5-min
ECG segments were selected and compared: (i) 5–30 min after insertion of VA-ECMO before
induction of myocardial hypoxia and (ii) >60 min after the development of severe CF [40].
Beat-to-beat control of the selected ECG segments was performed to confirm sinus rhythm
and avoid irregularities (premature complexes, arrhythmias, artifacts). HRV analysis
was automated using LabChart software version 8.1.19 (ADInstruments, Dunedin, New
Zealand) in the animal mode for pigs. Time-domain and frequency-domain parameters,
as well as nonlinear analytic methods, were used for HRV assessment. In detail, SDNN,
RMSSD and pNN50 were chosen as representatives of time-domain measures. HF power,
LF power, VLF power expressed in ms2, as well as LF/HF and HF and LF bands expressed
in normalized units (relative power of particular frequency band related to total power
without VLF component), were used to describe the spectral frequency distribution of
HRV. In the present porcine model, the HF band was defined as 0.09–2 Hz, the LF band
as 0.01–0.09 Hz and the VLF band as <0.01 Hz. Nonlinear analysis was derived from the
Poincaré plot that displays the dependence of the RR interval on the preceding RR interval.
The plot was fitted by an ellipse, where SD1 represents the standard deviation of the points
along the short semi-axis and SD2 the standard deviation of the points along the main
semi-axis [22].

4.5. Statistical Analyses

Hemodynamic parameters were expressed as mean and standard deviation and ana-
lyzed using a two-tailed paired t-test. The normality of HRV data was evaluated with the
Shapiro-Wilk and D’Agostino-Pearson tests. As all HRV data had non-normal distribution,
the Wilcoxon two-tailed matched pairs test was applied and are presented as median
and interquartile range. All statistical analyses were performed using GraphPad Prism
version 8.3.0 (GraphPad Software, La Jolla, CA, USA). p-values < 0.05 were considered
statistically significant.

5. Conclusions

Acute severe heart failure induced by global myocardial hypoxia is associated with a
significant reduction in heart rate variability, which is probably driven predominantly by
the reduction of parasympathetic nervous system activity via baroreflex activation.
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Abstract: (1) Background: Sympathetic overactivity is a major contributor to resistant hypertension
(RH). According to animal studies, sympathetic overactivity increases immune responses, thereby ag-
gravating hypertension and cardiovascular outcomes. Renal denervation (RDN) reduces sympathetic
nerve activity in RH. Here, we investigate the effect of RDN on T-cell signatures in RH. (2) Methods:
Systemic inflammation and T-cell subsets were analyzed in 17 healthy individuals and 30 patients
with RH at baseline and 6 months after RDN. (3) Results: The patients with RH demonstrated higher
levels of pro-inflammatory cytokines and higher frequencies of CD4+ effector memory (TEM), CD4+
effector memory residential (TEMRA) and CD8+ central memory (TCM) cells than the controls. After
RDN, systolic automated office blood pressure (BP) decreased by −17.6 ± 18.9 mmHg. Greater BP
reductions were associated with higher CD4+ TEM (r −0.421, p = 0.02) and CD8+ TCM (r −0.424,
p = 0.02) frequencies at baseline. The RDN responders, that is, the patients with ≥10mmHg systolic
BP reduction, showed reduced pro-inflammatory cytokine levels, whereas the non-responders had
unchanged inflammatory activity and higher CD8+ TEMRA frequencies with increased cellular cy-
tokine production. (4) Conclusions: The pro-inflammatory state of patients with RH is characterized
by altered T-cell signatures, especially in non-responders. A detailed analysis of T cells might be
useful in selecting patients for RDN.

Keywords: sympathetic activity; renal denervation; resistant hypertension; immune response; T cells;
lymphocytes; pro-inflammatory cytokines; inflammation

1. Introduction

By affecting more than 1.5 billion people worldwide, hypertension is one of the most
important global health concerns [1,2]. This is mostly because its complications, including
stroke, heart failure and kidney disease, are the leading causes of cardiovascular morbidity
and mortality [3,4]. Large randomized studies have shown the effectiveness of antihyper-
tensive treatments [5]. However, despite the increasing awareness and the vast number of
effective antihypertensive agents, hypertension control rates remain unsatisfactory. Typi-
cally, less than 50% of treated patients achieve their blood pressure targets [6,7]. A growing
number of these cases are being called resistant hypertension (RH), which is defined as a
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blood pressure above 140/90mmHg despite the concurrent use of three antihypertensive
agents, including a diuretic [8]. In this regard, patients with RH have the highest risk of
cardiovascular events [9,10].

One of the cornerstones for the development and persistence of hypertension in RH
is an increased activation of the sympathetic nervous system (SNS) [11,12]. In addition
to SNS activation at a systemic level, renal sympathetic nerve activation seems to play
an outstanding role in the pathogenesis of RH, as it leads to sodium and water retention,
the activation of the renin–angiotensin system and vasoconstriction [13,14]. Therefore,
the reduction of SNS activity at the renal level using catheter-based renal denervation
(RDN) has become an interventional treatment approach for RH. By reducing sympathetic
activity, a significant and longstanding blood pressure reduction in 60–70 % of cases can be
achieved [15–17]. However, about one-third of patients do not respond to the procedure
with respect to a significant blood pressure reduction. The reasons for non-response
however are not well understood. More importantly, there are no reliable clinical or
biochemical factors that can be applied to predict the success of the procedure [15,18].

For several years, there has been evidence supported mainly by experimental animal
studies that SNS interacts with the immune system and modulates blood pressure, as well as
the course of cardiovascular disease. It is known that primary and secondary lymphatic organs
are innervated by SNS fibers [19]. Increased SNS activity, as in the case of RH, has been shown
to drive immune cell functions and signatures into pro-inflammatory phenotypes and foster
immune cell infiltration into target organs, such as the kidney or heart [20,21]. In this regard,
norepinephrine released from sympathetic neurons alters the phenotypes and functions of
monocytes, macrophages and T cells [19,22–24]. Specifically, CD8+ cells produce more pro-
inflammatory cytokines and display enhanced survival upon increased SNS activity [22,24,25].
In fact, CD8+ T cells play a major role in the development of hypertension, as a lack of these
immune cells is associated with protection against experimental hypertension in mice [26].
Unfortunately, despite a large body of experimental evidence, there are no human studies
to date demonstrating that sympathetic overactivity in the presence of RH affects the T-cell
response or that RDN can effectively modulate it.

In the present study, we aimed to describe the immune cell signatures of patients
with RH and to compare them to those of healthy controls. Next, we aimed to determine
whether these changes were modulated by RDN. Lastly, to improve patient selection for
RDN, we sought to characterize the differences in immune cell phenotypes between the
patients who responded to the RDN procedure and those who did not.

2. Results
2.1. Baseline Characteristics

A total of 30 patients with resistant hypertension (RH) with an average age of
61.1 ± 10.9 years were included in this study, and there was a slightly higher number
of males (18 males and 12 females). According to 24-h blood pressure measurements, they
had an average systolic blood pressure of 157 ± 15 mmHg and a diastolic blood pressure
of 90 ± 11 mmHg before the renal denervation procedure (RDN). The antihypertensive
regime consisted of 6 ± 1 drugs, and this regime was stable for a minimum of 4 weeks
(Table 1). After inclusion in the study, all of the patients underwent RDN. In addition,
we included 17 healthy controls, who presented with normal blood pressure and were
42.2 ± 11.3 years old.

2.2. Patients with Resistant Hypertension Display High Levels of Inflammatory Markers

The patients with RH displayed significantly higher concentrations of high-sensitivity
CRP than the healthy controls (hsCRP: 3691 (1126–7945) ng/mL vs. 513 (116–2993) ng/mL,
p < 0.05). In addition, the patients with RH had higher levels of pro-inflammatory cytokines
(TNF-α: 2.1 (1.5–2.8) pg/mL vs. 0.8 (0.7–0.9) pg/mL; IFN-γ: 2.7 (1.5–3.8) pg/mL vs.
0.7 (0.5–1.5) pg/mL, p < 0.001) than the healthy controls, as demonstrated in Figure 1A.
Moreover, higher IL-6 levels were associated with higher diastolic blood pressure values
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among the patients with RH (r 0.404, p = 0.03). No relationship between cytokines and the
systolic blood pressure values was observed.

Table 1. Characteristics of responders and non-responders before and after the renal denervation procedure.

Parameter RH RH Treatment

Responder Non-Responder Responder Non-Responder

Age, y 66.0 ± 5.8 51.2 ± 12.2 *** 66.5 ± 5.8 51.7 ± 12.2 ***

Sex (M:F) 12:8 5:5 12:8 5:5

AOBPM, mmHg 169 ± 15/92±18 167 ± 18/92 ± 19 139 ± 14/78 ± 10 ### 167 ± 16/89 ± 10 **

ABPM, mmHg 159 ± 17/90 ±12 150 ± 6/90 ± 8 139 ± 14/78 ± 10 ### 155 ± 8/85 ± 10 **

Antihypertensive, N 5.0 ± 1.0 6.0 ± 1.0 5.0 ± 2.0 6.0 ± 1.0

Antihypertensive class
— ACEi/ARB 17 (85%) 10 (100%) 18 (90%) 10 (100%)
— MRA 4 (20%) 2 (20%) 7 (35%) 3 (30%)
— CCB 17 (85%) 8 (80%) 16 (80%) 8 (80%)
— Diuretic 19 (95%) 10 (100%) 15 (75%) 10 (100%)
— β-Blocker 12 (60%) 8 (80%) 14 (70%) 8 (80%)
— α-Blocker 7 (35%) 4 (40%) 6 (30%) 2 (20%)
— Other 17 (85%) 8 (80%) 16 (80%) 7 (70%)

BMI 30.2 ± 5.8 30.8 ± 5.8 30.2 ± 5.8 30.8 ± 5.8

OSAS, N (%) 14 (70%) 4 (40%) * 14 (70%) 4 (40%) *

Diabetes, N (%) 5 (25%) 3 (30%) 5 (25%) 3 (30%)

Hb1AC, % 6.0 ± 0.9 5.9 ± 0.7 6.0 ± 0.9 5.8 ± 0.7

eGFR, mL/min 72 ± 27 75 ± 28 72 ± 27 75 ± 28

hsCRP, ng/mL 4041 (1261–8023) 3063 (1043–8823) 1909 (499–5110) # 2745 (1331–10,099)

TNFα, pg/mL 2.1 (1.5–2.9) 2.6 (1.4–3.7) 2.3 (1.8–2.8) 2.7 (1.7–5.4)

IL-6, pg/mL 2.8 (1.5–3.8) 2.5 (1.7–3.6) 1.9 (1.5–2.5) # 3.2 (2.0–3.7) *

CD4, % 65 ± 17 61 ± 14 65 ±15 63 ± 14

CD4 TCM, % 39 ± 17 38 ± 15 36 ± 15 39 ± 16

CD4 TEM, % 39 ± 18 29 ± 12 * 38 ± 19 25 ± 8 *

CD4 TEMRA, % 4 (2–8) 7 (2–12) 5 (3–9) 4 (2–10)

CD4 naïve, % 19 ± 13 27 ± 7 ** 20 ± 15 26 ± 7

CD8, % 35 ± 17 39 ± 14 35 ± 15 37 ± 14

CD8 TCM, % 17 ± 8 15 ± 9 14 ± 7 # 17 ± 8

CD8 TEM, % 26 ± 13 24 ± 9 25 ± 12 21 ± 8

CD8 TEMRA, % 11 (7–20) 24 (10–39) * 11 (7–17) 25 (9–44) **

CD8 naïve, % 38 ± 13 37 ± 17 38 ± 15 33 ± 14

CD4/CD8 2.3 (1.1–4.4) 1.4 (0.9–2.9) 2.2 (1.0–3.5) 1.5 (1.0–3.3)

RH—resistant hypertension, AOBPM—automated office blood pressure measurement, ABPM—ambulatory blood
pressure measurement, ACEi/ARB—angiotensin-converting enzyme inhibitor and angiotensin receptor blocker,
MRA—mineralocorticoid receptor antagonist, CCB—calcium channel blocker, BMI—body mass index, OSAS—
obstructive sleep apnea syndrome, Hb1AC—hemoglobin A1c, eGFR—estimated glomerular filtration rate, hsCRP—
high-sensitivity C-reactive protein, TNF-α—tumor necrosis factor alfa, IL-6—interleukin 6, CD4+—helper T cells,
CD8+—cytotoxic T cells, TCM—central memory cells, TEM—effector memory cells, TEMRA—effector memory resi-
dential cells. * indicates differences between responders and non-responders; # indicates differences between before
and after treatment within the responder or non-responder group. * p < 0.05, ** p < 0.01, *** p < 0.001, or # p < 0.05,
###p < 0.001 using unpaired or paired t-test, Mann–Whitney or Wilcoxon test where applicable.
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Figure 1. Comparison of inflammatory activity between patients with resistant hypertension and
healthy controls. (A)—Concentrations of various pro-inflammatory cytokines and proteins among
study groups at entry. (B,C)—The frequencies of different T-cell subsets among healthy individuals
and patients with resistant hypertension at study entry. RH—resistant hypertension, hsCRP—high-
sensitivity C-reactive protein, TNF-α—tumor necrosis factor alfa, IL-6—interleukin 6, CD4+—T
helper cells, CD8+—T cytotoxic cells, TCM—central memory cells, TEM—effector memory cells,
TEMRA—effector memory residential cells. *** represents significant difference between the groups
with p < 0.001, ** p < 0.01, * p < 0.05, ns – not significant using unpaired t-test or Mann–Whitney test.

2.3. Differences in T-Cell Subsets between Patients with Hypertension and Healthy Controls

Next, we analyzed the T-cell subsets and compared them between the healthy subjects
and the patients with RH. The patients with RH presented higher frequencies of CD4+
effector memory T cells (TEM) (36 ± 16% vs. 21 ± 8.3%, p < 0.01) and CD4+ effector memory
residential cells (TEMRA) than the control group (4.5 (2–9)% vs. 0.2 (0.1–0.6)%, p < 0.001,
Figure 1B). In addition, the patients with RH had lower frequencies of CD4+ TCM cells than
the healthy controls (Figure 1B). As for CD8+ T cells, the patients with RH had a higher
frequency of CD8+ TCM cells (16 ± 8% vs. 11 ± 4%, p < 0.01) and a reduced fraction of
CD8+ TEM cells (25 ± 12% vs. 34 ± 11%, p < 0.05) compared to the healthy controls. There
were no differences in other CD4+ or CD8+ subsets or in the frequencies of total CD4+ and
CD8+ cells (Figure 1B,C).

2.4. Effect of RDN on Blood Pressure and Low-Grade Inflammation

Six months after RDN, there was an average decrease in systolic automated office blood
pressure of −17.6 ± 18.9 mmHg, whereas diastolic ambulatory blood pressure decreased
by −8.7 ± 11.9 mmHg. Twenty patients (67%) achieved at least a 10 mmHg reduction in
their systolic office blood pressure and were assigned to the responder group (Figure 2A).
The systolic ambulatory BP reduction was −24.5 ± 12.8 mmHg in the responders and
3.9 ± 8.3 mmHg in the non-responders (p < 0.05). The responders and non-responders
were similar with respect to their clinical parameters, except for age. The responders were
significantly older patients, with an average age of 66.0 years (Table 1). Next, we focused
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on the changes in the inflammatory marker levels before and after RDN. Of note, the
responders demonstrated significant reductions in hsCRP (4041 (1261–8023) ng/mL and
1909 (499–5110) ng/mL, p < 0.05, before and after RDN, respectively) and IL-6 (2.8 (1.5–3.8)
pg/mL vs. 1.9 (1.5–2.5) pg/mL, p < 0.05, before and after RDN, respectively) concentrations
following the treatment (Figure 2B). TNF-α levels were not affected by the treatment.
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Figure 2. The effect of renal denervation procedure on blood pressure and inflammatory activity.
(A)—Changes in ambulatory and automated office blood pressure among patients with resistant
hypertension. Responders were defined by a systolic office blood pressure reduction of at least
10 mmHg following the renal denervation procedure. (B)—High-sensitivity CRP and IL-6 levels at
baseline and 6 months following RDN among responders and non-responders. (C)—A negative
correlation between CD4+ effector memory cell frequencies and automated office blood pressure
was observed (r −0.421, p = 0.02, and r −0.413, p = 0.02, for systolic and diastolic blood pressure,
respectively), as well as a negative correlation between CD8+ effector memory and diastolic ambula-
tory blood pressure (r −0.424, p = 0.02). Green colored area represents a blood pressure reduction
≥10mmHg. (D)—CD8+ TEMRA cells positive for pro-inflammatory cytokines before and after the
treatment among responders and non-responders. On the left, CD8+ TEMRA cells positive for TNF-α
and, on the right, the ones positive for IFN-γ. sABPM—systolic ambulatory blood pressure mea-
surement, sAOBPM—systolic automated office blood pressure measurement, dABPM—diastolic
ambulatory blood pressure measurement, dAOBPM—diastolic automated office blood pressure mea-
surement, hsCRP—high-sensitivity C-reactive protein, IL-6—interleukin 6, RDN—renal denervation,
R—responders, NR—non-responders, ∆—change, TEM—effector memory cells, TEMRA—effector
memory residential cells, TNF-α—tumor necrosis factor alfa, IFN-γ—interferon gamma. *** repre-
sents significant difference between the groups with p < 0.001, ** p < 0.01, * p < 0.05 using unpaired
t-test or Mann–Whitney test.

2.5. Effect of RDN on T-Cell Signatures

To analyze the effect of RDN on T-cell signatures, we first investigated the differences
between responders and non-responders at baseline. Before RDN, the responders were
characterized by significantly higher CD4+ TEM (39 ± 18% vs. 29 ± 12%, p < 0.05), lower
CD4+ naïve (19 ± 13% vs. 27 ± 7%, p < 0.05), and lower CD8+ TEMRA cell frequencies than
the non-responders (11 (7–20)% vs. 24 (10–39)%, p < 0.05). Furthermore, we analyzed the
capacity of CD8+ TEMRA cells to produce pro-inflammatory cytokines upon stimulation in
the responders and non-responders. Not only did the non-responders have higher levels of
CD8+ TEMRA cells, but they also produced more IFN-γ before RDN (Figure 2D), suggesting
that non-responders have a higher capacity of pro-inflammatory T cells, which promotes
the chronic low-grade inflammation observed in these patients.
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Further, we characterized the T-cell subsets 6 months after the RDN procedure. The
responders demonstrated a significant decrease in CD8+ TCM cell frequencies (Table 1),
which was more pronounced among the male responders (Suppl. Figure 1). Moreover, the
capacity of the CD8+ TEMRA cells to produce the pro-inflammatory cytokines IFN-γ and
TNF-α was significantly higher in the non-responders than in the responders (Figure 2D),
suggesting that RDN did not affect T-cell function in the non-responders.

As the T-cell response showed differences between the responders and non-responders,
we further evaluated the potential predictors of a successful outcome after RDN. Higher
CD4+ TEM cell frequencies at study entry were associated with higher systolic and diastolic
ambulatory blood pressure reductions (r −0.421, p = 0.02 and r −0.413, p = 0.02, for systolic
and diastolic blood pressure, respectively, Figure 2C). Higher pre-procedural CD8+ TEM
cell frequencies were related to a higher ambulatory diastolic blood pressure reduction
(r −0.424, p = 0.02, Figure 2C), suggesting that higher levels of T effector memory cells are
predictors of a successful outcome after RDN.

3. Discussion

In the present study, we showed that patients with resistant hypertension (RH) have a
more pronounced pro-inflammatory immune response than healthy controls. Furthermore,
we demonstrated that non-responders to RDN are characterized by a pro-inflammatory
T-cell signature that is unlike that of responders.

Several studies have demonstrated that patients with hypertension show a more pro-
nounced chronic low-grade inflammation than healthy controls [27,28]. Here, we confirmed
these results and showed that patients with RH are characterized by higher levels of pro-
inflammatory cytokines, such as hsCRP, IL-6 and TNF-α, than healthy controls. In addition
to this observation, we found that patients with RH exhibit a pro-inflammatory T-cell
signature compared to control subjects, suggesting that, at least in part, a pro-inflammatory
T-cell response drives this low-grade inflammation. In detail, the patients with RH had
higher frequencies of CD4+ TEM and TEMRA cells, as well as CD8+ TCM cells, than controls.
Higher circulating levels of CD4+ memory cells have been described to be associated with
senescence [29,30], atherosclerosis and cardiovascular risks [31–34]. Moreover, higher levels
of CD8+ TCM cells have been observed among patients with high cardiovascular risks [35].
These observations may explain why patients with RH have the highest cardiovascular
risk [10]. However, since the patients with RH included in this study were older than the
healthy controls, we cannot exclude the possibility that these differences in T-cell signatures
are, in part, due to older age.

Next, we investigated the effect of RDN on the immune response in the patients with
RH. In our cohort, 67% of the patients with RH showed a significant blood pressure reduction
6 months after RDN. These results are in accordance with those of previously published
works [15–17]. Interestingly, older patients tended to have a more successful response to
RDN. Previously published works do not present consistent results with regard to age as
a predicting factor for RDN [15,36–38]. In general, our study cohort was older than that
in other studies. It is difficult to determine to what extent the immunological effects of
aging (immunosenescence) or other factors, such as differences in vascular function or the
renin–angiotensin system, affect this association, as we did not measure these factors. Among
the RDN responders, decreases in hsCRP and IL-6 concentrations following the procedure
were observed. Several studies have previously demonstrated reduced inflammatory activity
in RDN responders 6 to 12 months after the procedure [29,36,39,40]. These associations
suggest that reducing sympathetic nerve activity via RDN might modulate the inflammatory
state observed among patients with hypertension. However, it is not clear whether this
effect is related to a direct interaction between the SNS and the immune system or to the
blood pressure reduction itself, since antihypertensive drug treatment also reduces chronic
inflammation in essential hypertension [41,42].

In order to analyze whether the reduced inflammation among the RDN responders was
related to a modulated immune cell phenotype and/or function, we further compared the
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T cytotoxic and helper lymphocyte subsets among the responders and the non-responders.
The characterization of immune signatures within the responder group showed that the
responders initially had higher CD4+ TEM cell frequencies. In addition to this, higher CD4+
TEM frequencies were associated with a more pronounced decrease in systolic and diastolic
blood pressure following RDN. Initially, the RDN responders had lower CD4+ naïve cell
frequencies. It should be noted that the significantly higher level of CD4+ naïve T cells in
the non-responders in our cohort was also higher than the level among the healthy controls
(27±7% vs. 25±11%). This interesting observation suggests that this cell population with
a naïve phenotype consists mainly of atypical effector memory cells [43]. These effector
memory cells can produce IL-2, TNF-α and IFN-γ as cytokine-producing naive T cells, or
memory stem cells. They are likely to rapidly migrate into inflammatory foci and then
secrete type 1 cytokines. Unfortunately, we did not further characterize these cells.

Animal studies have suggested an important role of cytotoxic CD8+ T cells in the
development of hypertension. Moreover, these T cells seem to be particularly well-activated
by SNS overexcitation. [24,26,44,45]. Here, we observed several differences within the
CD8+ T-cell subsets among the RDN responders and non-responders before and after
RDN, highlighting the interaction between cytotoxic CD8+ T cells, blood pressure control
and renal sympathetic nerve activation. First, higher frequencies of CD8+ TCM cells at
study entry were associated with higher blood pressure reductions. Second, following
RDN, a slight but significant reduction in CD8+ TCM cells among the responders was
observed. This reduction might be mainly related to oligoclonal CD8+ T cells participating
in hypertension development and persistence [21,26,46]. To determine whether this is the
case, additional in-depth CD8+ T-cell phenotyping would need to be performed. Third, the
non-responders had significantly higher frequencies of CD8+ TEMRA cells. Interestingly,
the CD8+ TEMRA cells of non-responders produced more pro-inflammatory cytokines than
those of the responders before and especially after RDN. This very interesting finding
could be explained by the fact that norepinephrine binds to different adrenoreceptors
expressed on CD8+ TEMRA cells and activates pro-inflammatory cytokine release [24].
Thus, increased norepinephrine release induced by persisting SNS overactivity among
the non-responders would lead to an increased release of pro-inflammatory cytokines, as
observed in our study [47–49]. However, based on this observation and the fact that non-
responders are characterized by higher inflammatory markers, it also seems feasible that
non-responders to RDN have an overactivated immune response that partially contributes
to the difficulty in treating patients with RH [43,50]. Furthermore, one can speculate that
an overactivated immune response attenuates the response to RDN, and in this case, the
reduction in sympathetic activity would not have a substantial impact on blood pressure.
It is noteworthy that we only measured the T-cell subsets in the peripheral blood and not
in the target organs. Further studies are necessary to investigate the differences between
the abundance and function of activated T cells in the blood and target organs [25]. In any
case, it seems feasible that an analysis of immune cell signatures before RDN may provide
additional information on the success rates of RDN.

The present study has several strengths and limitations. Although we present results
on lymphocyte subsets from patients with known high sympathetic activity, our study
population is small, and we used an observational design. Due to ongoing interfering
antihypertensive medication, we did not measure aldosterone, renin or norepinephrine
during the study. The study lacks an age-matched healthy control group, which would
decrease the possibility of biased associations. Furthermore, although the observed changes
in the T-cell subsets show a direct association between RDN and T-cell signatures, we cannot
exclude that the changes in T-cell subsets are a result of RDN-induced blood pressure
reductions. However, the strength of the study is that, for the first time, we demonstrate
changes in T-cell subsets following the RDN procedure. Secondly, all patients received
24 h ambulatory blood pressure measurements before and after the treatment, allowing
for an objective evaluation of the RDN effect. Moreover, the study was performed in one
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center, ensuring a strict work-up and follow-up schedule, as well as consistent and uniform
pre-analytical sample processing.

To conclude, we were able to confirm the hypothesis derived from animal studies
indicating that there is an interplay between sympathetic overactivity and immune response.
A specific T-cell signature leads to higher pro-inflammatory activity, which contributes
to the persistence of high blood pressure in patients with RH. A thorough analysis of the
immune signature might be of advantage to improve patient selection for RDN.

4. Materials and Methods
4.1. Study Population

A total of 30 patients with resistant hypertension, which was defined according to ESH
guidelines, were included in this prospective observational study [8]. The other inclusion
criteria were age older than 18 years, no presence of acute infection and no presence of
advanced chronic renal failure with an estimated glomerular filtration rate (eGFR) below
30 mL/min/1.73m2, and the ability to give informed consent for participation in the study.
All the patients with hypertension were on stable antihypertensive treatment for at least
4 weeks and had undergone a diagnostic evaluation for secondary hypertension, which
was excluded in all the patients included in the study. In addition to this, 17 healthy controls
were included in the study. These subjects had no history of any cardiovascular disease and
demonstrated a systolic blood pressure below 130 mmHg without any antihypertensive
drugs. This study was approved by the local ethics committee of the Medical Faculty at the
Heinrich-Heine University, Düsseldorf, Germany (study number 3848 and 5365R), and it is
in line with the Declaration of Helsinki, as revised in 2013.

4.2. Renal Denervation Procedure

Bilateral renal denervation (RDN) was performed for the patients with resistant hyper-
tension using a radiofrequency ablation catheter (Symplicity Flex ® or Symplicity Spiral ®,
Medtronic, Palo Alto, CA, USA) as described previously [51]. Briefly, the ablation catheter
was placed via a. femoralis communis and positioned in the renal artery using X-ray guid-
ance. After that, the electrode(s) were heated to about 55–65 degrees Celsius, a temperature
high enough to induce nerve fiber damage within the artery wall. In the cases where a
Symplicity Flex catheter was used, the catheter was withdrawn 5mm after each ablation
to ensure circular ablation within the renal artery, as the catheter uses one radiofrequency
electrode. The Symplicity Spiral catheter, however, has a helical shape, and the catheter con-
sists of four electrodes enabling ablation at multiple points simultaneously. The procedure
was performed in both renal arteries, and 4–6 points were ablated per renal artery.

4.3. Follow-Up of Patients with RH after Renal Denervation Procedure

The patients with resistant hypertension were followed-up for 6 months. Before
RDN and 6 months after the procedure, a 24 h ambulatory blood pressure measurement
(Mobil-O-Graph NG, Struck Medizintechnik GmbH, Enger Germany), as well as automated
office blood pressure measurement (Boso Medicus Vollautomat, Bosch+Sohn GmbH & Co.,
Jungingen, Germany), was performed, and blood samples were drawn. According to the
blood pressure measurements, the patients were divided into two groups: responders and
non-responders. The patients with a reduction in systolic automated office blood pressure
of at least 10 mmHg or more were defined as responders.

4.4. Measurement of Inflammation Markers

The concentrations of inflammatory markers in patients’ serum were measured at
two time points—before and 6 months after RDN. In addition, the same inflammation
markers were measured in the 17 healthy controls. The samples were tested for interleukin
6 (IL-6), tumor necrosis factor-α (TNF-α) and high-sensitivity C-reactive protein (hsCRP)
using an ELISA kit according to the manufacturer’s instructions (Die Quantikine® Human
CRP/TNF-α/IL-6 ELISA Kit, R&D Systems Inc., Minneapolis, MN, USA).
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4.5. Measurement of T-Cell Signature

The subsets of T cytotoxic (CD8+) and T helper (CD4+) cells were analyzed in the
peripheral blood mononuclear cells (PBMCs) of patients with RH before and 6 months
after the treatment. Blood samples were drawn using Ficoll (CPT cell preparation tubes,
Becton, Dickinson and Company, Franklin Lakes, NJ, USA) tubes. PBMC isolation and
freezing were performed as described in the literature [52]. An analysis of the T-cell sig-
natures was performed after all patient samples were collected. For the flowcytometric
(FACS) measurements, the frozen PBMCs aliquots were thawed and stained according to
recommendations [53]. An antibody cocktail consisting of anti-CD45, anti-CD3, anti-CD4,
anti-CD8, anti-CD45RA and anti-CCR7 was added to the thawed PBMCs (Supplementary
Table S1). The cell populations of the PBMCs were separated via FSC (forward-angle
light scatter) and SSC (side-angle light scatter). Leukocytes were identified using CD45
staining, and T cells were identified using CD3 antibodies. Further gating was performed
using CD4 and CD8 antibodies. According to the expressions of the surface markers
CD45RA and CCR7, CD4+ and CD8+ cells were divided into T central memory cells (TCM
= CD45RA−, CCR7+), T effector memory cells (TEM = CD45RA−, CCR7−), T effector
memory cells (TEMRA = CD45RA+, CCR7−) and T naïve cells (Tnaïve = CD45RA+, CCR7+),
as presented in Supplementary Figure S2. According to previously published protocols,
intracellular staining was performed [54]. In short, T cells were sorted using the antibodies
listed in Supplementary Table S1 utilizing a high-speed digital cell sorter (Beckton Dick-
inson and Company) and re-stimulated for 4 h at 37 ◦C, 5% CO2 in RPMI-1640 medium
(Sigma Aldrich, St. Louis, MI, USA) supplemented with 10% fetal calf serum, 100 U/mL
penicillin (Sigma Aldrich), 100 mg/mL streptomycin (Sigma Aldrich), 50 ng/mL PMA
(Sigma Aldrich), 250 ng/mL ionomycin (Sigma Aldrich) and 0.65 µL/mL Golgistop (BD,
Franklin Lakes, NJ, USA). The restimulated cells were fixed and permeabilized with a
Foxp3/Transcription Factor Staining Buffer kit (eBioscience, San Diego, CA, USA) accord-
ing to the recommendations of the manufacturer. Intracellular cytokines were detected
using antibodies against human tumor necrosis factor alfa (TNF-α) and interferon gamma
(IFN-γ), as presented in Supplementary Figure S3. An analysis of T-cell subsets was carried
out using flow cytometry (CytoFlex®, Beckman Coulter, Brea, CA, USA) and the software
Kaluza ®® (Beckmann Coulter).

4.6. Data Analysis

A statistical analysis was performed using SPSS version 23 (SPSS Inc., Chicago, IL,
USA) and Graph Prism 8 (GraphPad Software, San Diego, CA, USA). The type of data
distribution was assessed, and the continuous variables are expressed as mean ± standard
deviation (SD) or median with the interquartile range expressed as two numbers, Q1–Q3.
Categorical variables are expressed as numbers (percentages). The differences between
the groups were assessed using unpaired or paired t-test, Mann–Whitney test or Wilcoxon
rank test where appropriate. Univariate logistic regression was used to indicate variables
associated with a positive response to renal denervation. p values less than 0.05 were
considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ijms24032493/s1, Figure S1: Comparison of T-cell subsets among responders
with regard to sex. Table S1: Antibodies used for extracellular and intracellular lymphocyte staining and
their specifications. Figure S2: Gating strategy on T-cell memory phenotypes. Figure S3: Gating strategy
on T-cell effector memory residential cells and their intracellular cytokines.
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Abstract: This study aimed to investigate the effect of the sympatholytic drug moxonidine on
atherosclerosis. The effects of moxonidine on oxidised low-density lipoprotein (LDL) uptake, in-
flammatory gene expression and cellular migration were investigated in vitro in cultured vascular
smooth muscle cells (VSMCs). The effect of moxonidine on atherosclerosis was measured by exam-
ining aortic arch Sudan IV staining and quantifying the intima-to-media ratio of the left common
carotid artery in apolipoprotein E-deficient (ApoE−/−) mice infused with angiotensin II. The levels
of circulating lipid hydroperoxides in mouse plasma were measured by ferrous oxidation-xylenol
orange assay. Moxonidine administration increased oxidised LDL uptake by VSMCs via activation of
α2 adrenoceptors. Moxonidine increased the expression of LDL receptors and the lipid efflux trans-
porter ABCG1. Moxonidine inhibited mRNA expression of inflammatory genes and increased VSMC
migration. Moxonidine administration to ApoE−/− mice (18 mg/kg/day) decreased atherosclerosis
formation in the aortic arch and left common carotid artery, associated with increased plasma lipid
hydroperoxide levels. In conclusion, moxonidine inhibited atherosclerosis in ApoE−/− mice, which
was accompanied by an increase in oxidised LDL uptake by VSMCs, VSMC migration, ABCG1
expression in VSMCs and lipid hydroperoxide levels in the plasma.

Keywords: moxonidine; atherosclerosis; inflammation; cell migration

1. Introduction

Atherosclerosis is a progressive disease of large- and medium-sized arteries in which
dyslipidaemia plays an instrumental role in the disease pathogenesis [1–3]. When an
atherosclerotic plaque develops an unstable phenotype, it is prone to rupture, which is
thought to be the mechanism of acute cardiovascular events such as myocardial infarction
and stroke [1]. Despite tremendous advances in the medical management of atherosclerosis
through lifestyle changes and pharmacological control of low-density lipoprotein (LDL)
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cholesterol and triglyceride levels, blood pressure, diabetes and thrombosis, atherosclerosis-
associated morbidity and mortality remains the number one health threat in most coun-
tries [1]. This highlights the need to develop innovative therapeutic strategies to prevent
atherosclerotic plaque formation and rupture.

The sympathetic nervous system governs the “fight-or-flight” response [4]. The main
overall end effect of the system is to prepare the body for physical activity, while also affect-
ing many organs (e.g., kidney [5]) and physiological functions (e.g., metabolism [6]). The
sympathetic nervous system may affect atherosclerosis. For example, stress, which leads to
the activation of the sympathetic nervous system [7,8], is a critical risk factor for athero-
genesis [9]. The class of β blocker drugs inhibit sympathetic nervous activity, but their
adverse effects on lipoprotein levels and glucose metabolism prohibit their use as bespoke
inhibitors of atherosclerosis [10]; some new-generation β blockers have some favourable
effects on lipoprotein and glucose metabolism, although their effect on atherosclerosis pre-
vention remains unclear [10]. Renal sympathetic denervation has been reported to inhibit
atherosclerosis in mice [11], although this is not without controversy [12]. Furthermore,
renal sympathetic denervation may permanently damage renal nerves and could result in
renal artery stenosis in some patients [13]. Therefore, there is a need to investigate the effect
of the sympathetic nerve system on atherosclerosis with other non-invasive approaches
such as the use of sympatholytic drugs.

It is unknown whether moxonidine (a sympatholytic drug) inhibits atherosclerosis,
although the drug has some activities that may be linked to an anti-atherogenic role, such
as the inhibition of inflammation [14,15]. This study aimed to investigate the effect of
moxonidine on atherosclerosis.

Angiotensin II can promote atherosclerosis formation [16]. On the other hand, block-
ing angiotensin II formation by angiotensin-converting enzyme (ACE) inhibitors can inhibit
atherogenesis [17] and prevent cardiovascular events (e.g., myocardial infarction, stroke
and cardiovascular mortality) [18]. Therefore, the angiotensin-infusion-induced atheroscle-
rosis model is a clinically relevant model to study atherosclerosis. In addition, angiotensin
stimulates the sympathetic nervous system [19], and overactivation of the sympathetic ner-
vous system is seen in many conditions associated with atherosclerosis such as myocardial
infarction [20] and stroke [21]. Therefore, this study chose angiotensin II infusion as the
model of atherosclerosis to investigate the effect of moxonidine (a sympatholytic drug)
on atherosclerosis.

Oxidised LDL plays a role in foam cell formation [22], a hallmark of atherosclerosis.
This study also aimed to investigate the effect of moxonidine on oxidised LDL uptake by
cultured vascular smooth muscle cells (VSMCs), as recent evidence suggests that VSMCs
may be a major pathway for foam cell formation [23]. For example, 50% of foam cells within
human coronary artery lesions were derived from VSMCs, as indicated by the expression
of the smooth muscle cell-specific marker SM α-actin [24]. In addition, in apolipoprotein
E-deficient (ApoE−/−) mice supplemented with a Western diet for 6 weeks, 70% of foam
cells in aortic arch lesions were derived from VSMCs as indicated by the expression of
smooth muscle cell-specific fluorescent proteins [25].

2. Results
2.1. Moxonidine Increased Oxidised LDL Uptake via α2 Adrenoceptors by VSMCs In Vitro

Incubation of cultured VSMCs with the sympathetic activator norepinephrine (0.1 µM)
decreased the uptake of oxidised LDL (Figure 1). Consistently, incubation of the cells with
the sympatholytic drug moxonidine increased the uptake of oxidised LDL as indicated by
the microscopic analysis (Figure 2) and total cholesterol levels (Figure S1). Moxonidine
is an agonist for both α2 adrenoceptors and imidazoline I1 receptors [26–28]. To study
this moxonidine-mediated increase in oxidised LDL uptake further, a series of inhibitor
and activator studies were performed. Notably, oxidised LDL uptake was reversed by
co-incubation with RX821002 (α2 adrenoceptor inhibitor, 10 µM) or efaroxan (inhibitor for
both α2 adrenoceptor and I1 receptor, 10 µM) with the drugs employed at final doses known
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to specifically target their respective receptor [29,30]. By contrast, the uptake of oxidised
LDL was not enhanced by activation of the I1 receptor-specific activator AGN192403 [31]
(100 µM) (Figure 2). Together, these observations suggest that moxonidine increased the
uptake of oxidised LDL through the activation of α2 adrenoceptors. Gene expression
studies showed that in the presence of oxidised LDL, moxonidine (10 µM) increased gene
expression of the LDL receptor but not the scavenger receptor (Figure 3A,B). In addition,
moxonidine (10 µM) increased the expression of the lipid efflux gene ABCG1, but not
ABCA1 (Figure 3C,D).
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resentative images of oxidised LDL (red channel), nucleus (blue channel) and merged channels of 
cells in PBS-incubated (A) and NE-incubated cells (B). Scale bar = 40 µm. (C) The mean intensity of 
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LDL fluorescence (red) in the cells was analysed using ImageJ. The difference between the groups 
was analysed using the Mann–Whitney U test. Data represent mean ± SD; N = 8. 

Figure 1. Norepinephrine (NE) increased oxidised low-density lipoprotein (LDL) uptake in vascular
smooth muscle cells (VSMCs). VSMCs were incubated with NE (0.1 µM) or phosphate-buffered saline
(PBS, control) for 30 min, and then the cells were treated with Dil-labelled oxidised LDL (25 µg/L) for
4 h. After staining the nucleus with Hoechst, the intracellular red fluorescence (Dil-labelled oxidised
LDL) and blue fluorescence (nucleus) were imaged via a confocal microscope. (A,B) Representative
images of oxidised LDL (red channel), nucleus (blue channel) and merged channels of cells in PBS-
incubated (A) and NE-incubated cells (B). Scale bar = 40 µm. (C) The mean intensity of intracellular
Dil-labelled oxidised LDL fluorescence. The mean intensity of Dil-labelled oxidised LDL fluorescence
(red) in the cells was analysed using ImageJ. The difference between the groups was analysed using
the Mann–Whitney U test. Data represent mean ± SD; N = 8.

2.2. Moxonidine Inhibited Inflammatory Gene Expression in Lipopolysaccharide-Treated VSMCs
and Endothelial Cells In Vitro

Incubation of VSMCs with lipopolysaccharide increased inflammatory gene expression
(Figure 4). Moxonidine (0.2 µM) significantly decreased mRNA expression of interleukin 1
(IL-1), monocyte chemoattractant protein-1 (MCP-1) and tumour necrosis factor-α (TNF-α)
(Figure 4). However, moxonidine did not affect the mRNA expression of inflammatory
markers in cultured endothelial cells (Figure S2).

2.3. Moxonidine Enhanced VSMC Migration Without Affecting VSMC Proliferation In Vitro

Incubation with moxonidine (10 µM) stimulated the migration of VSMCs by 42%
(Figure 5). However, incubation with moxonidine at concentrations of 0.015, 0.15, 1.5, 15
and 150 µM for 24 h did not affect cell proliferation as assessed by the MTS assay (Figure S3).
Corroborating results were obtained when VSMC proliferation was assessed by the trypan
blue method (Figure S4).

2.4. Moxonidine Decreased Atherosclerosis in Angiotensin-Infused ApoE−/− Mice

To investigate the effect of moxonidine on atherosclerosis directly, we used angiotensin
II infusion for 4 weeks to induce atherosclerosis formation in ApoE−/− mice. Compared
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with the control (without moxonidine), moxonidine administration (18 mg/kg/day) de-
creased atherosclerosis formation in the aortic arch as assessed by Sudan IV staining
(Figure 6) as well as in the left common carotid artery as assessed by morphometry analysis
(intimal/medial area ratio, Figure 6). Surprisingly, moxonidine administration increased
lipid peroxide levels in the plasma of the mice (Figure 7). Association studies showed
that higher lipid peroxide levels were associated with the presence of atherosclerosis [32],
suggesting that lipid peroxide may be proatherogenic. Therefore, the plasma lipid peroxide
data appeared in disagreement with the in vivo finding that moxonidine administration
decreased atherosclerosis.
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Figure 4. The effect of moxonidine on mRNA expression of inflammatory markers in VSMCs. Cells were
incubated with lipopolysaccharide for 2 h in the absence or presence of moxonidine (0.01 or 0.2 µM). Then,
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mRNA was isolated and the expressions of IL1, IL-6, MCP-1 and TNF-α were quantified via quantita-
tive PCR. The difference was analysed by Kruskal–Wallis one-way ANOVA followed by Bonferroni’s
post hoc test. Data represent mean fold-change (vs. control) ± SD; N = 7–12. EEF2, eukaryotic elon-
gation factor; IL, interleukin; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant protein-1;
Mox, moxonidine; TNF-α, tumour necrosis factor-α; VSMC, vascular smooth muscle cells.
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Figure 5. Effect of moxonidine on cellular migration of vascular smooth muscle cells (VSMCs). VSMCs in
serum-free DMEM media were placed in the upper chamber of cell migration chambers, with or without
moxonidine at the indicated concentrations. The lower chamber contained 150 µL of DMEM medium
containing 20% foetal bovine serum. After 48 h incubation, the migrated cells in the lower chamber
were stained and the fluorescence (an indicator of cell numbers) was measured (excitation/emission =
530/590 nm). (A) Migratory cells were represented as a percentage of the total number of cells planted
in the upper chamber. (B) Migratory cell numbers relative to the untreated controls (0 µM moxonidine).
The difference among the group was analysed using Kruskal–Wallis one-way ANOVA followed by
Bonferroni’s post hoc tests. Data represent mean ± SD; N = 11–12 per group.
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Sudan IV to visualise the lipid in the lumen surface of the aortic arch. The difference between the 
two groups was analysed by the Mann–Whitney U test. Error bars represent SD; N = 6 per group. 
H&E, hematoxylin and eosin; LCCA, left common carotid artery; Mox, moxonidine. 
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area (I/M ratio) was calculated. Magnification = 10×. (B) The aortic arch was stained with Sudan
IV to visualise the lipid in the lumen surface of the aortic arch. The difference between the two
groups was analysed by the Mann–Whitney U test. Error bars represent SD; N = 6 per group. H&E,
hematoxylin and eosin; LCCA, left common carotid artery; Mox, moxonidine.
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Figure 7. Effect of moxonidine administration on plasma lipid peroxide levels. Mice were treated with
moxonidine (18 mg/kg body weight/day) via drinking water until the end of the experiment, while
the control mice received normal drinking water only. Three days after the initiation of moxonidine
administration, angiotensin II was subcutaneously infused into all the mice for 28 days to induce
atherosclerosis. Mice were culled at the end of the angiotensin II infusion and plasma was collected.
Lipid peroxide levels in the plasma were measured every 30 s. Higher absorbance = higher lipid
peroxide levels. The difference in plasma lipid peroxide levels between the two groups was analysed
using multiple linear regression: dependent variable = absorbance and independent variables = groups
and time. Data represent mean ± standard error; N = 5 per group.

3. Discussion

This study found that the sympatholytic drug moxonidine increased the uptake of oxi-
dised LDL, stimulated mRNA expression of the LDL receptor and the ABCG1 transporter,
enhanced cell migration (but not proliferation) and inhibited inflammatory gene expression
in vitro in cultured VSMCs. In addition, moxonidine administration in ApoE−/− mice
inhibited atherosclerosis formation induced by angiotensin II infusion.

Moxonidine is a sympatholytic drug with blood pressure lowering properties [26].
Biological activity for moxonidine involves the deactivation of the sympathetic nervous
system with parallel decreases in the plasma norepinephrine level [28,33]. Herein, this
study found, for the first time, that moxonidine decreased atherosclerosis formation in a
mouse model of atherosclerosis that was induced by subcutaneous infusion of angiotensin
II. This mouse model of atherosclerosis is clinically relevant [16], as it mimics increased
angiotensin signalling in patients with atherosclerosis and cardiovascular disease [18,20,21].

At four weeks (the end of the experiment), the body weight of the mice was similar
between the moxonidine and control groups (Figure S5), and so was the body weight
change during the experiment (Figure S6). Administration of moxonidine for 4 weeks
did not change organ weight, including of the kidney, spleen and heart (Figure S7). In
addition, the mice treated with moxonidine did not show apparent signs of illness during
the experiment (e.g., diarrhoea, abnormal gait and abnormal breathing), suggesting that
4-week administration of moxonidine may not cause apparent toxicity. However, the
toxicity associated with longer-term (>4 weeks) administration of moxonidine is unknown,
as is the effect of moxonidine at the cerebral level. These questions need to be investigated
in the future.

VSMCs in the intima have been considered beneficial for plaque stability, as VSMCs
constitute the main cellular component of the protective fibrous cap within lesions and are
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responsible for synthesising extracellular matrix components that stabilise the cap [23,34].
Therefore, an increase in VSMC migration may be beneficial. The current study, for the first
time, showed that incubation with moxonidine stimulated VSMC migration that potentially
contributes to plaque stabilisation.

Atherosclerosis is an inflammatory disease [35,36]. Pro-inflammatory cytokines and
chemokines (e.g., MCP-1 and TNF-α) play a key role in the initiation and progression of
atherosclerosis [37]. The current study showed that moxonidine inhibited the lipopolysaccharide-
induced increase in TNF-α expression. This is consistent with a previous report which demon-
strated that moxonidine treatment in hypertensive postmenopausal women decreased circu-
lating TNF-α levels [14]. We also showed for the first time that moxonidine decreased MCP-1
mRNA expression. Our results and those from the literature [14,15] support the notion that
moxonidine has an anti-inflammatory effect, which might play an important role in mediating
the anti-atherosclerotic effect of moxonidine.

Endothelial dysfunction is a major contributor to atherogenesis, and enhanced inflam-
mation is a key mechanism underlying endothelial dysfunction [38,39]. Our results showed
that treatment of endothelial cells with moxonidine did not affect the gene expression
of inflammatory markers, including IL-1, IL-6, MCP-1 and TNF-α. This suggests that
the effect of moxonidine may be cell type specific, i.e., moxonidine may target VSMCs
rather than endothelial cells. This seems in agreement with the sympathetic innervation
pattern of the vasculature. It is well known that arteries are innervated with sympathetic
nerves [40] and the nerve endings are distributed in the smooth muscle layer but not the
endothelial layer [41]. Therefore, VSMCs, rather than endothelial cells, may be the key
target of moxonidine in blood vessels. However, the current study did not investigate the
effect of moxonidine on endothelial function and this needs to be investigated in the future.

High levels of LDL are a risk factor for atherosclerosis formation. In localised intimal
microenvironments, where antioxidant defences have been overwhelmed, LDL can be
oxidised to initiate atherogenesis [42]. Although moxonidine does not affect plasma LDL
levels [27,43] or subclass pattern nor oxidation susceptibility [43], it may inhibit oxidation
of LDL in the inflammatory subendothelial space, as moxonidine inhibited inflammatory
gene expression in VSMCs.

Oxidised LDL plays a significant role in atherogenesis. In the inflammatory intimal
microenvironments, LDL can be oxidised and taken up by macrophages, leading to foam
cell formation [44,45]. VSMCs are recently recognised as an important source of foam cells
in atherosclerosis lesions [23]. For example, VSMC-derived foam cells accounted for 50%
of foam cells within advanced human coronary artery lesions [24] and accounted for 70%
of foams cells in the aortic arch lesions in apolipoprotein E-deficient (ApoE−/−) mice [25].

Our results showed that moxonidine increased oxidised LDL uptake by activation
of α2-adrenoceptors, which was associated with an increase in the mRNA expression of
the LDL receptor. In addition, plasma lipid peroxide levels in the mice were increased
after moxonidine treatment. These results suggest that moxonidine may be proatherogenic.
However, this interpretation contradicted the in vivo finding that moxonidine decreased
atherosclerosis, which is supported by the anti-inflammatory effect of moxonidine. The
contradicting observations suggest that an alternative explanation may be needed.

The functions of the recently discovered VSMC-derived foam cells are poorly under-
stood. These cells are believed to promote atherogenesis [24,25], because they showed a
decrease in the lipid efflux transporter ABCA1 [24,25]. Moxonidine did not affect ABCA1
gene expression. Interestingly, it increased the expression of ABCG1, another key lipid
efflux transporter. This is the first report that showed that gene expression of lipid efflux
transporters could be increased in lipid-laden VSMCs. This suggests that moxonidine
may change the phenotype of the VSMC-derived foam cells from accumulating oxidised
LDL inside the cells to effluxing oxidised LDL out of the blood vessel to circulation for
detoxification and elimination by the liver. This hypothesis fits the in vivo finding that
moxonidine administration decreased atherosclerosis. In addition, this oxidised LDL ef-
flux hypothesis is supported by the finding that moxonidine administration increased
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plasma lipid peroxide levels. Moreover, increased VSMC migration by moxonidine may
also support this hypothesis, as VSMC migration to a favourable location could facilitate
both uptake of oxidised LDL and its efflux back to circulation. This hypothesis seems to
harmonise the observed contradicting results, but it is speculative in nature and needs to
be investigated in the future.

Therefore, we propose the following mechanism to explain the atherosclerosis in-
hibitory effect of moxonidine: moxonidine inhibits the expression of inflammatory genes
(e.g., IL-1, MCP-1 and TNF-α), which subsequently may inhibit the oxidation of LDL
(Figure 8). In addition, moxonidine increases the uptake of oxidised LDL by VSMCs via
activation of α2-adrenoceptors. As moxonidine increases VSMC migration this may result
in relocation of VSMCs to facilitate the uptake of oxidised LDL via the LDL receptor and
efflux back to circulation via the ABCG1 transporter for detoxification and elimination by
reverse cholesterol transport (Figure 8). This hypothesis warrants further investigation in
the future.
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nidine may inhibit atherosclerosis by inhibiting inflammation and promoting oxidised LDL clear-
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endothelial cell; IL, interleukin; LDL, low-density lipoprotein; LDLR, low-density lipoprotein recep-
tor; MCP-1, monocyte chemoattractant protein-1; Mox, moxonidine; TNF-α, tumour necrosis factor-
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Male ApoE−/− mice (3 months old) were purchased from the Animal Resources Cen-
tre, Perth, Australia. All experiments were conducted in a temperature-controlled animal 
house (21 ± 1 °C) under a 12:12 h light–dark cycle, and mice were given standard chow 
and water ad libitum. 

4.2. Experimental Protocol 
Twenty ApoE−/− mice were randomised into two groups according to their age and 

body weight (N = 10 per group): the control group and the moxonidine-treated group. The 
mice in the control group received plain drinking water, whereas mice in the moxonidine 
treatment group received moxonidine via drinking water (18 mg/kg/day) [46]. Three days 
after the initiation of the moxonidine administration, angiotensin II was administered sub-
cutaneously to all the mice via a micro-osmotic pump (Model 2004, ALZET, Cupertino, 
CA, USA) at a rate of 1 µg/kg body weight/min for 28 days to induce atherosclerosis 
[12,16,47]. 

Figure 8. Hypothesis: proposed mechanism underlying moxonidine-induced inhibition of atheroscle-
rosis. Moxonidine decreases the expression of inflammatory genes (e.g., TNF-α), which inhibit the
oxidation of LDL. Moxonidine enhances VSMC migration. These VSMCs then migrate to a location
that could facilitate both oxidised LDL uptake via the LDL receptor and its efflux back to circulation
via the ABCG1 transporter for detoxification and elimination by the liver. Thus, moxonidine may
inhibit atherosclerosis by inhibiting inflammation and promoting oxidised LDL clearance from the
atherosclerotic plaque. ABCG1, ATP binding cassette subfamily G member 1; EC, endothelial cell; IL,
interleukin; LDL, low-density lipoprotein; LDLR, low-density lipoprotein receptor; MCP-1, monocyte
chemoattractant protein-1; Mox, moxonidine; TNF-α, tumour necrosis factor-α; VSMC, vascular
smooth muscle cell.
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4. Materials and Methods
4.1. Animals

Male ApoE−/− mice (3 months old) were purchased from the Animal Resources
Centre, Perth, Australia. All experiments were conducted in a temperature-controlled
animal house (21 ± 1 ◦C) under a 12:12 h light–dark cycle, and mice were given standard
chow and water ad libitum.

4.2. Experimental Protocol

Twenty ApoE−/− mice were randomised into two groups according to their age and
body weight (N = 10 per group): the control group and the moxonidine-treated group. The
mice in the control group received plain drinking water, whereas mice in the moxonidine
treatment group received moxonidine via drinking water (18 mg/kg/day) [46]. Three days
after the initiation of the moxonidine administration, angiotensin II was administered sub-
cutaneously to all the mice via a micro-osmotic pump (Model 2004, ALZET, Cupertino, CA,
USA) at a rate of 1 µg/kg body weight/min for 28 days to induce atherosclerosis [12,16,47].

Four mice from each of the two groups died of aortic rupture, which is common in
angiotensin II-infused mice [47,48]. The quality of the aortic tissue from these dead mice
prevented them from inclusion in atherosclerosis assessment. Therefore, atherosclerosis
was only assessed in the surviving animals (N = 6 per group).

4.3. Quantification of Atherosclerotic Lesion Area

Atherosclerosis in the aortic arch was quantified by en face staining as described
previously [12]. Briefly, the aortic arch was opened longitudinally and pinned down on a
wax-coated petri dish. Tissue samples were stained with 0.1% w/v Sudan IV for 10 min
to identify areas of atherosclerosis. Sudan-IV-stained areas were quantified using ImageJ
1.53e and expressed as a percentage of the total aortic arch luminal surface area.

Atherosclerosis in the left common carotid artery was assessed using morphometry
analysis [49]. In brief, formalin-fixed and paraffin-embedded left common carotid arteries
were sectioned (5 µm thickness) starting from the labelled proximal end. The location
where the first complete arterial structure (a circular structure) appeared was designated
the location of 0 µm. Four serial arterial sections (at locations 0, 160, 320 and 480 µm)
were subsequently obtained and stained with hematoxylin and eosin (H&E). Images of the
stained sections were captured using a light microscope (Nikon, Tokyo, Japan). The area
of the atherosclerotic lesion and medial area was quantified using Photoshop (Microsoft,
version 22.0.0) and the corresponding intima-to-media area was calculated for each section.
The average of the ratios from the 4 serial sections was assigned as the final measurement
of atherosclerosis in that left common carotid artery.

4.4. Ferrous Oxidation-Xylenol Orange (FOX) Assay

A FOX assay was used to assess levels of lipid hydroperoxides in mouse plasma [50].
Briefly, 50 µL FOX solution (250 µM ammonium sulphate, 100 mM D-sorbitol and 125 µM
xylenol orange) was added to 50 µL mouse plasma and the mixture was incubated at 20 ◦C.
Absorbance was measured using a FLUOstar Omega reader (BMG LABTECH Pty. Ltd,
Mornington, Australia) and a time-dependent change in output at 560 nm was determined
at 30 s intervals with the linear rate of xylenol orange compared between different treatment
groups.

4.5. Cell Culture

VSMCs were isolated from the mouse aorta [51] and cultured as previously described [52].
Briefly, VSMCs were cultured at 37 ◦C in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% v/v foetal bovine serum, 100 U/mL penicillin and 100 µg/mL
streptomycin in a cell culture incubator containing 5% CO2. The cells were split with 0.05%
w/v trypsin when they reached 80% confluency and subcultured for further passages.
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Human aortic endothelial cells were purchased from Lonza Australia Pty Ltd. (Mount
Waverley, Australia). These cells were cultured in EGM™-2 Endothelial Cell Growth
Medium supplemented with growth factors required for culturing endothelial cells (Lonza
Australia Pty Ltd.).

4.6. Confocal Microscopy for Oxidised LDL Uptake

VSMCs (5 × 105 cells) in DMEM + 1% foetal bovine serum were seeded in MatTek
confocal dishes. Following 24 h of subculture, cells were then incubated separately with
10 µL of RX821002 (α2 adrenoceptor inhibitor [29], final concentration = 10 µM), efaroxan
(inhibitor for both α2 adrenoceptor and I1 receptor [30], final concentration = 10 µM)
or AGN192403 (I1 receptor activator [31], final concentration = 100 µM). The cells were
equilibrated further for 30 min at 37 ◦C, and then 10 µL of moxonidine was added to each of
the confocal dishes (final concentration = 10 µM) and the cells were further incubated for 2 h.
Dil-labelled oxidised LDL (Thermo Fisher Scientific Australia Pty Ltd., Scoresby, Australia,
final concentration = 25 µg/L) was added and the cells were incubated for another 4 h away
from light. Next, 2 µL of Hoechst was added to the cell dishes for 10 min to stain the nuclei
and the cells were washed with phosphate-buffered saline before the culture medium was
replaced by a phenol-free DMEM. The red fluorescence (engulfed Dil-labelled oxidised
LDL) was imaged by a confocal microscope and the mean fluorescence intensity of each
cell on the image was measured using ImageJ. Eight images were taken for each dish at
random locations across the whole dish. The mean intracellular fluorescence intensity from
these 8 images was calculated as the final intracellular fluorescence intensity for that dish.

4.7. Gene Expression Analysis

Effect of moxonidine on inflammatory gene expression in VSMCs: VSMCs (6 × 105 cells
per well) in 4 wells of 6-well plates were incubated with moxonidine (0, 0, 0.01 or 0.2 µM)
for 12 h. Then, the cells were treated with lipopolysaccharide (0, 100, 100 or 100 ng/mL,
respectively). After a further 2 h incubation, RNA was extracted using the TRI reagent
(Merck, Bayswater, Australia).

Effect of moxonidine on the expression of genes related to lipid uptake and efflux:
VSMCs (1 × 106 cells per well) in 6-well plates were cultured for 24 h and then incubated
with moxonidine (10 µM) or phosphate-buffered saline (PBS, control) for 2 h. Oxidised
LDL (10 µg/L) was then added to the cells which were cultured for an additional 4 h. Next,
mRNA was extracted using the TRI-reagent (Merck).

Effect of moxonidine on inflammatory gene expression in endothelial cells: cells
(2.5 × 105 cells per well) in 3 wells of 6-well plates were cultured for 48 h. Then, the cells
were treated with moxonidine (0, 1 or 1 µM) for 2 h. Following this, the cells were treated
with lipopolysaccharide (0, 100 or 100 ng/mL, respectively). After a further 2 h incubation,
RNA was extracted using the TRI reagent (Merck).

The extracted RNA was reverse transcribed to cDNA using the High-Capacity Reverse
Transcription Kit (Life Technologies, Carlsbad, CA, USA). Gene expression was assessed by
quantitative PCR using SYBR reagents (Bioline Global Pty Ltd., Gregory Hills, Australia).
Primer sets are outlined in Table S1. The cycling conditions were as follows: a hold at 95 ◦C
for 2 min, followed by 40 cycles at 95 ◦C for 15 s, 58 ◦C for 20 s and 72 ◦C for 20 s. Relative
gene expression was assessed using the 2−∆∆Ct method [53]. Gene expression analysis
was represented using relative gene expression compared with the control gene eukaryotic
translation elongation factor 2 (EEF2) [12].

4.8. Migration Assay

Migration assay was conducted using a cell migration assay kit from Abcam (Cam-
bridge, UK) according to the manufacturer’s instructions. In brief, 50 µL of VSMCs
(50,000 cells) in a serum-free DMEM were added to the top chamber in addition to 50 µL
of serum-free DMEM containing 0, 2 or 20 µM moxonidine. The final concentration of
moxonidine in the top chamber was 0, 1 or 10 µM. The bottom chamber contained 150 µL
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of DMEM + 20 % of foetal bovine serum per well. The cells were incubated in a CO2
incubator at 37 ◦C for 48 h. The migrated cells in the lower chamber were washed and
stained and the fluorescence (an indicator of cell numbers) was measured using a plate
reader (excitation/emission = 530/590 nm).

4.9. Cell Proliferation

Cell proliferation was conducted using an MTS cell proliferation assay kit (Abcam) as
previously described [51,54]. In brief, 200 µL of VSMCs (0.5 × 106 cells/mL) was added to
each well of a 96-well flat-bottom plate and kept at 37 ◦C in an incubator overnight. Next,
2 µL of moxonidine at different concentrations was added to give a final concentration
of 0, 0.015, 0.15, 1.5, 15 or 150 µM. After the cells were incubated for 24 h, 20 µL of MTS
reagent was added to each well and the cells were incubated for another 2 h. Finally, the
absorbance was recorded using a plate reader at 520 nm.

Cell proliferation was also assessed using the trypan blue method [51,54]. In brief,
2 mL of VSMCs (5 × 104 cells/mL) was placed in wells of 6-well plates and incubated in
a 5% CO2 incubator at 37 ◦C for 24 h. Then, various concentrations of moxonidine were
added to give a final concentration of 0.01, 0.1, 1 or 10 µM. After 24 h of incubation, the cells
were trypsinised, stained with trypan blue and then counted using Countess Automated
Cell Counter (Invitrogen, Waltham, MA, USA).

4.10. Total Cholesterol

VSMCs (5 × 104 cells) were seeded in 96-well plates. Following 24 h of subculture,
2 µL of moxonidine (final concentration in the wells = 10 µM) or PBS was added, and the
cells were further incubated for 2 h. Oxidised LDL (final concentration = 25 µg/L) was
added to all the wells and the cells were incubated for another 4 h. The cells were washed
and lysed and the supernatant was collected after centrifugation at 12,000 g for 10 min.
Total cholesterol in the supernatant was then measured using a commercial kit from Abcam
according to the manufacturer’s instructions [55].

4.11. Statistical Analyses

The difference between two groups was analysed using Mann–Whitney U test [56]
and the difference among multiple groups was analysed using Kruskal–Wallis one-way
AVOVA. The difference in plasma lipid peroxide levels between two groups (with or
without moxonidine) was analysed using multiple linear regression [57,58]: dependent
variable = absorbance (i.e., lipid peroxide levels) and independent variables = groups (with
or without moxonidine) and time. The null hypothesis was rejected for two-sided p values
of <0.05. All analyses were performed using SPSS version 27.0 (IBM SPSS Statistics for
Windows, Armonk, NY, USA, IBM Corporation).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms24043857/s1.
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