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in the ANS, evaluated by MSNA and heart rate vari-
ability (HRV), potentially facilitates inflammation 
when the homeostatic mechanisms between reflex 
neural circuits and the immune system are compro-
mised, particularly the dysfunction of the cholinergic 
anti-inflammatory reflex. Physiologically, the effer-
ent arm of this reflex acts via the � 7 nicotinic acetyl-
choline receptors expressed in macrophages, mono-
cytes, dendritic cells, T cells, and endothelial cells to 
curb the release of inflammatory cytokines, in which 
inhibition of NF-κB nuclear translocation and acti-
vation of a JAK/STAT-mediated signaling cascade 
in macrophages and other immune cells are impli-
cated. This reflex is likely to become less adequate 
with advanced age. Consequently, a pro-inflamma-
tory state induced by reduced vagus output with age 
is associated with endothelial dysfunction and may 

Abstract Aging of the cardiovascular regulatory 
function manifests as an imbalance between the sym-
pathetic and parasympathetic (vagal) components of 
the autonomic nervous system (ANS). The most char-
acteristic change is sympathetic overdrive, which is 
manifested by an increase in the muscle sympathetic 
nerve activity (MSNA) burst frequency with age. 
Age-related changes that occur in vagal nerve activ-
ity is less clear. The resting tonic parasympathetic 
activity can be estimated noninvasively by measur-
ing the increase in heart rate occurring in response 
to muscarinic cholinergic receptor blockade; ani-
mal study models have shown this to diminish with 
age. Humoral, cellular, and neural mechanisms work 
together to prevent non-resolving inflammation. This 
review focuses on the mechanisms underlying age-
related alternations in the ANS and how an imbalance 
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significantly contribute to the development and prop-
agation of atherosclerosis, heart failure, and hyper-
tension. The aim of this review is to summarize the 
relationship between ANS dysfunction, inflammation, 
and endothelial dysfunction in the context of aging. 
Meanwhile, this review also attempts to describe the 
role of HRV measures as a predictor of the level of 
inflammation and endothelial dysfunction in the aged 
population and explore the possible therapeutical 
effects of vagus nerve stimulation.

Keywords Aging · Autonomic nervous system · 
Inflammation · Oxidative stress · Endothelial 
dysfunction

Introduction

Aging is commonly defined as the accumulation of 
diverse deleterious changes occurring in cells and 
tissues with advancing age that is responsible for 
the increased risk of disease and death [1]. Aging 
is an extremely complicated process that cannot 
be explained by one single cause. From the cellular 
standpoint, the most well-known theory is the free 
radical theory [2], which proposes that reactive oxy-
gen species (ROS) result in cumulative damage and 
senescence [3]. Similar to every other organ and sys-
tem in the human body, the autonomic nervous sys-
tem is affected by advanced age leading to an imbal-
ance between the sympathetic and parasympathetic 
systems [4–6].

Although a dysregulated innate immunity, cell 
senescence, and several other factors have been 
proposed as critical sources of the chronic inflam-
matory state in aging [7], the diminished parasym-
pathetic activity appears to play another key role. 
Autonomic nervous system (ANS) dysfunction 
could facilitate a tilt towards a pro-inflammatory 
state via diminished parasympathetic activity. Due 
to the anti-inflammatory effects of the vagus nerve, 
disruption of the vagus nerve is documented to per-
petuate the inflammatory state [8]. Inflammation and 
oxidative stress then interact to increase the risk for 
endothelial dysfunction and a variety of related car-
diovascular disease processes [9–11]. In this review, 
we aim to collect current evidence pinpointing how 
the altered ANS activity functions as a supplemental 
source of chronic inflammation in aging through an 

impaired cholinergic anti-inflammatory reflex caused 
by a decreased activity in the parasympathetic nerv-
ous system. Reduced efferent output from the reflex 
circuit and reduced stimulation of the splenic and 
enteric macrophage α7-nicotinic receptors cause an 
increase in pro-inflammatory cytokine release. Heart 
rate variability (HRV) serves important clinical pur-
poses when used as a risk stratification tool in pre-
dicting clinical outcome. Thus, we summarized the 
changes in HRV measures observed in age-related 
inflammation and endothelial dysfunction. We also 
illustrate the interaction between inflammation and 
ROS in endothelial dysfunction as well as summarize 
the dynamic relationship between age-related auto-
nomic dysfunction, inflammation, and endothelial 
dysfunction.

Age‑related dysfunction of the autonomic nervous 
system

The extrinsic part of the ANS includes both sympa-
thetic and parasympathetic components, which work 
in a collaborative yet counteractive way to modulate 
cardiac physiology [12]. Anatomically, the sympa-
thetic component is regulated via the bulbospinal 
pathways originating from the medulla to activate 
the preganglionic synapses in the lateral column of 
the spinal cord mainly from T1 to T5 but may be 
extended to as low as T6/7 [13] (Fig.  1). Cell bod-
ies of postganglionic neurons mainly reside in the 
paravertebral stellate ganglia, with their axons termi-
nating on the myocardium [14, 15]. The parasympa-
thetic preganglionic axons originate from the nucleus 
ambiguous in the medulla oblongata and the dorsal 
motor nucleus of the vagal nerve in the brainstem. 
Parasympathetic fibers then synapse within the car-
diac ganglia located on the surface of the heart [12, 
16, 17].

Increased sympathetic activity in aging

An increase in sympathetic activity is the character-
istic functional change that occurs with aging. The 
neurography technique is the gold standard applied 
to demonstrate increased muscle sympathetic activ-
ity with age. In a cross-sectional study with the larg-
est sample size to date discussing the effects of age 
and sex on resting muscle sympathetic nerve activity 
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(MSNA), both the burst frequency and burst inci-
dence of the common fibular nerve increase with age 
in both genders [4]. A direct measurement of adre-
nal sympathetic nerve activity in rats also showed 
that nerve activity frequency increases with age [18]. 
Venous plasma norepinephrine (NE) introduced by 
nerve-ending spillover provides a useful estimation 
of the average sympathetic outflow. In humans, an 
age-related increase in plasma NE is observed due 
to both an increased NE spillover into the circulation 
and decreased plasma NE clearance [19, 20]. Notably, 
both plasma epinephrine levels and clearance rate are 
not found to be different between younger and older 
subjects [21].

Electrocardiograms recorded under a controlled 
environment can be used to generate HRV measures, 
which is based on the RR interval. High-frequency 
(HF, 0.18–0.4  Hz) cyclic fluctuations of HRV are 
modulated by ventilation and mediated entirely by 

changes in vagal outflow [22]; the low frequency 
(LF, 0.04 to 0.15  Hz) component appears to be 
mediated by sympathetic activity with some associ-
ated parasympathetic influence [23, 24]. The very 
low-frequency (VLF, 0.0033–0.04  Hz) component 
represents long-term regulation, thermoregulation, 
and hormonal regulatory mechanisms [24]. Despite 
controversy [25, 26], the LF/HF ratio is still used as 
a measure of cardiac sympathovagal balance in clini-
cal studies, wherein its increase reflects the predomi-
nance of sympathetic over parasympathetic activ-
ity. Some of the HRV measurements can reflect the 
parasympathetic modulation of heart rate in response 
to respiration, but none of them can represent tonic 
vagus nerve activity, and discrepancies have been 
found between HRV measurements and direct sympa-
thetic/vagal activity recording [27, 28]. Nonetheless, 
HRV is frequently used in clinical studies to repre-
sent cardiac ANS activity. HRV serves an important 

Fig. 1  Anatomy and age-related changes of the cardiac auto-
nomic nervous system. The vagus nerve originates from nuclei 
of the medulla oblongata. Parasympathetic fibers of the vagus 
nerve cardiac branches then synapse within the cardiac gan-
glia located on the surface of the heart. However, sympathetic 

nerve synapses within the paravertebral stellate ganglia and 
axons of postganglionic neurons mainly terminate on the myo-
cardium. Weakened vagal activity and increased sympathetic 
tone are usually observed with aging
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clinical purpose when used as a risk stratification tool 
for endothelial function and inflammatory disease 

prognosis (Tables  1 and 2). Nevertheless, it is well 
established that HRV abnormalities in multiple 

Table 1  Correlation between heart rate variability measures and inflammatory markers and diseases

CRP C-reactive protein, HF high frequency, HRV heart rate variability, hs-CRP high-sensitivity C-reactive protein, HTN hyperten-
sion, IL-6 interlukin-6, LF low frequency, pNN50 percentage of successive RR intervals that differ by more than 50 ms, RA rheu-
matic arthritis, RMSSD root mean square of successive RR interval differences, SDNN standard deviation of NN intervals, WBC 
white blood cell

Year Authors Subjects Main findings

2007 Coruzzi P, et al. [29] 26 ulcerative colitis patients and 26 
Crohn’s disease patients

pNN50 and RMSSD were significantly 
lower in the ulcerative colitis group than 
both the Crohn’s disease group and the 
control group. However, Crohn’s disease 
patients showed comparable HRV to the 
controls

2011 Kox M, et al. [30] 40 healthy volunteers receiving intrave-
nous endotoxin

Acute inflammatory responses result in 
HRV changes (log SDNN, log LF/HF, 
LFnu, and HFnu), but the extent of the 
inflammatory response did not correlate 
with the HRV change magnitude

2012 Vlcek M, et al. [31] 22 female RA patients < 40 years Plasma epinephrine and norepinephrine 
were similar in RA patients and controls. 
No differences in HRV and blood pressure 
response to orthostasis were found

2012 Thayer JF, et al. [32] 611 apparently healthy employees of a 
factory (545 male, 18–63 years)

Urinary norepinephrine was positively 
associated with WBC. An inverse associa-
tion between indices of vagally mediated 
HRV (RMSSD and pNN50) and plasma 
levels of CRP was found

2014 Jarczok MN, et al. [33] 106 nonsmoking adults (9% women; age 
44 ± 8 years)

Higher HF-HRV was associated with lower 
levels of CRP at both baseline and 4-year 
follow-up

2017 Adlan AM, et al. [34] RA-normotensive (n = 13), RA-HTN 
(n = 17), normotensive control (n = 17), 
HTN control (n = 16)

The RA, RA-HTN, and HTN groups have 
lower HRV time and frequency domain 
measures (rMSSD, pNN50, HF power, LF 
power, and total power) than the control 
group. Hs-CRP and reported pain were 
independently and inversely associated 
with time-domain rMMSD and pNN50

2017 Aeschbacher S, et al. [35] 2064 healthy adults (47% men, 
25–41 years)

Significant inverse and linear associa-
tions of SDNN with hs-CRP, leukocytes, 
neutrophils, lymphocytes, and monocytes 
were found. Total power and normalized 
HF power were inversely associated with 
some of the markers

2018 Zawadka-Kunikowska M, et al. [36] Crohn’s disease patients in remission 
(n = 30)

Disease duration was negatively associated 
with baroreflex sensitivity and positively 
correlated with normalized high-fre-
quency HRV, LF/HF ratio at rest, and 
post-tilt Δ systolic blood pressure

2018 Hu MX, et al. [37] 1774 subjects from the Netherlands Study 
of Depression and Anxiety

Higher CRP and IL-6 levels predicted lower 
respiratory sinus arrhythmia at follow-up

2021 Alen NV, et al. [38] 836 community participants (450 female, 
53 ± 13 years)

Robust inverse relations were found 
between HF power and IL-6, CRP, and 
fibrinogen. LF power was also inversely 
related to IL-6 and CRP
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time-domain frequency measures such as SDNN, 
SDANN, pNN50, and frequency measures such as 
HF power, LF power, VLF power, and LF/HF ratio 
correlate with advancing age [54–56] (Table 3).

The mechanism of age-related sympathetic overac-
tivity is considered to be multifactorial and centrally 
mediated. Several molecular and cellular mediators 
have been proposed, including the presence of leptin, 
activation of the renin-angiotensin system, and cellu-
lar senescence, which all contribute to the common 
mediator of neuroinflammation and oxidative stress 
[61]. With neuroinflammation, inflammatory signals 
can be transmitted to the brain to increase sympa-
thetic signaling via areas with blood–brain barrier 
leakages such as the circumventricular organs and 
area postrema as a part of the immune-to-brain com-
munication to alter brain function [62]. Sympathetic 
activating signals are then relayed to the sympathetic 
preganglionic neurons via neurons in the hypotha-
lamic paraventricular nucleus (PVN) and rostral vent-
rolateral medulla (RVLM) of the brainstem [63], with 
which postganglionic neurons and effector organs are 
sequentially activated.

Diminished parasympathetic activity in aging

Less sufficient parasympathetic mechanisms co-exist 
with sympathetic activation in aging. What constitutes 
a valid non-invasive measurement of vagal tone still 
remains controversial. Muscarinic cholinergic recep-
tor blockade is generally viewed as the gold stand-
ard for non-invasive cardiac parasympathetic activ-
ity evaluation [64]. Resting tonic parasympathetic 
activity can be estimated by measuring the increase 
in heart rate in response to muscarinic cholinergic 
blockers such as methylatropine [64]. A mouse model 
using the autonomic blockade methylscopolamine 
found diminished vagal modulation of heart rate in 
19-month-old mice compared to 4-month-old mice 
[65]. However, other determinants such as the type of 
blocking agents, the route of administration, resting 
sympathetic nerve activity, and reactive changes of 
sympathetic activity may affect the test results. While 
direct single-unit vagus nerve activity recording was 
achieved in animal models and human studies with 
ultrasound-guided microneurography, there are no 
reports available on how human tonic vagal activity 
changes with age [66–68].
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Some anatomical and physiological alternations 
are found in the parasympathetic nervous system 
with advanced age. The age-related loss of cardiac-
projecting vagal preganglionic neurons in the medulla 
is observed in adult hypertensive rats compared to 
young hypertensive rats, and reductions in vagal neu-
rons were most significant in the dorsal vagal nucleus 
and nucleus ambiguous on the right side of the 
medulla [69]. On the other hand, a peripheral mecha-
nism involving a reduction of acetylcholine synthesis 
and an improper compensatory change of acetylcho-
line transporter was studied to explain age-related 
attenuation of parasympathetic control of the heart, as 
demonstrated by the blunted cardiac response to ros-
tral severed vagal stimulation [70]. Reduced barore-
flex sensitivity, or decreased baroreceptor firing, is a 

possible peripheral mechanism involved in the reduc-
tion of parasympathetic outflow [19]. Baroreflex sen-
sitivity as assessed by the standard deviation of RR 
intervals in reaction to vasoactive agents was found 
to decrease with advancing age [5]. The mechanism 
behind baroreflex hyposensitivity is proposed to be 
multifactorial, such as stiffening of the carotid artery 
[71], inflammation and oxidative stress [72], and 
decreased cardiac cholinergic responsiveness [73].

The ANS and the vagal inflammatory reflex 
in aging

The effect of vagal tone on inflammation has been 
extensively discussed and summarized as the 

Table 3  A summary of clinical studies with respect to age-related changes in heart rate variability

HF high frequency, HRV heart rate variability, LF low frequency, pNN50 percentage of successive RR intervals that differ by more 
than 50 ms, RMSSD root mean square of successive RR interval differences, SDANN standard deviation of the average NN intervals 
for each 5-min segment of a 24-h HRV recording, SDNN standard deviation of NN intervals, TF total power, VLF very low fre-
quency

Year Authors Subjects Main findings

1998 Umetani K, et al. [55] 260 healthy subjects (112 male, 
10–99 years old)

SDNN and SDANN decreased with aging 
in a quadratic regression pattern. The 
most marked decrease occurred between 
the second and third decades, after which 
time-domain declined only gradually. 
Beyond age 80, HRV again began to 
decline more rapidly

2016 Almeida-Santos MA, et al. [57] 1743 community-based participants 
(40–100 years)

SDNN, SDANN, and SDNN index 
decreased linearly with age. U-shaped 
pattern for rMSSD and pNN50, with the 
nadir between 60 and 69 years for both 
genders

2019 Tan JPH, et al. [58] 45 healthy participants (49–82 years) There was no association between age 
and resting-state HRV (RMSSD, TP, 
HF spectral power), yet HRV in the 2 h 
preceding sleep was associated with age. 
Older participants showed greater HRV

2020 Geovanini GR, et al. [59] 543 healthy participants (41% male, 
40 ± 14 years)

RMSSD and pNN50 showed U-shaped 
distribution and reversal increase above 
60 years old. SDNN and SDANN 
decreased linearly by age

2020 Choi J, et al. [54] 291 healthy participants (144 men) aged 
19–69 years

HRV indices (HF, LF, VLF, TP, SDNN, 
HRV index, and pNN50) show a decreas-
ing trend with age in healthy Korean 
adults

2020 Hernández-Vicente A, et al. [60] Young adults (n = 20; 21 ± 2 years), octoge-
narians (n = 18; 84 ± 3 years), centenar-
ians (n = 17; 102 ± 2 years)

HF, LF, SDNN, and pNN50 all present an 
age-related reduction. SDNN showed a 
correlation with survival prognosis in 
centenarians
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“cholinergic anti-inflammatory pathway” or the 
“vagal inflammatory reflex.” This concept was first 
proposed by Borovikova et al. two decades ago [74], 
where acetylcholine significantly attenuated the 
release of inflammatory cytokines in lipopolysac-
charide-stimulated human macrophage cultures. The 
afferent arm of the vagal nerve responds to inflamma-
tory mediators (i.e., cytokines) released by immune 
cells upon immune challenges. Neuronal interconnec-
tions between the brainstem nuclei integrate afferent 
signaling and conduct the efferent signaling output 
through the celiac ganglion and the splenic nerve 
to the spleen in order to regulate pro-inflammatory 
cytokine production and inflammation. The release of 
NE from the splenic nerve stimulates β2-adrenergic 
(β2-AR) receptors expressed by a selective popula-
tion of T cells in the red pulp. Acetylcholine (ACh) 
released by these T cells dampens the release of 
inflammatory cytokines via activation of � 7-nicotinic 
receptors on macrophages, dendritic cells, and other 
immune cells [75, 76]. This crosstalk between the 
brain and the immune system is vital for regulating 
inflammation, which provides a rationale for vagal 
nerve stimulation as a potential approach targeting the 
inflammatory process in age-related diseases.

Aging is accompanied by diminished vagal 
inflammatory reflex

Aging and inflammation often intertwine. Prolonged 
and persistent low-grade inflammation without overt 
infections observed in the elderly was coined as 
“inflammaging,” which involves age-related reshap-
ing of inflammation-related transcription factors and 
elevated levels of pro-inflammatory cytokines [77]. 
Not only is inflammaging itself a risk factor for both 
morbidity and mortality in elderly adults, but the vast 
majority of all age-related diseases have some com-
ponent inflammation, making inflammation a con-
stitutional and ubiquitous element of aging and age-
related diseases [78].

Age-related inflammation should be comprehen-
sively illustrated at a molecular, cellular, and sys-
temic level. On the cellular and molecular level, the 
activation of the innate immune system macrophages 
is induced as a result of cellular senescence, mito-
chondrial dysfunction, defective autophagy and 
mitophagy, dysregulation of the ubiquitin–proteas-
ome system, activation of the DNA damage response, 

and dysbiosis [79]. On the systemic level, environ-
mental and biological factors such as gender, diet, 
psychological stress, and genetics all affect the level 
of inflammation in individuals [80]. In this review, 
we propose that a loss of normal vagal tone and a 
subsequent disturbed anti-inflammatory reflex serve 
as a supplemental contributor to age-related chronic 
inflammation. As a result, there may be an exagger-
ated downstream immune dysregulation caused by 
otherwise harmless stimuli. The supporting evidence 
is summarized below.

The function and innervation of the ANS was 
found to be altered in many chronic inflammatory 
diseases, such as Crohn’s disease [36], osteoarthritis 
[81], and rheumatic arthritis [82], which led to the 
hypothesis that a low vagal tone has pro-inflamma-
tory effect. ANS dysfunction is a potential etiology 
of inflammation instead of a consequence, where a 
decremental vagal tone leads to reduced stimulation 
of macrophage � 7-nicotinic receptors and an incre-
mental increase in pro-inflammatory cytokines. There 
are several downstream inflammatory pathways that 
are involved. NF-κB, which functions as a modula-
tor of the expression of multiple genes involved in 
cytokine release, cell survival, apoptosis, and cell 
proliferation [83], is found to be downregulated by 
vagus nerve stimulation (VNS). Specifically, VNS 
suppress NF-κB/NLRP3 inflammasome activation, 
which promotes the secretion of Interleukin (IL)-1β 
and IL-18 [84]. These cytokines induce pro-inflam-
matory cell death by activating Bax. Moreover, 
HMGB1, which mediates a plethora of downstream 
effects within the inflammatory cascade, is observed 
to be downregulated by VNS and cholinergic agonists 
[85]. Meanwhile, the JAK/STAT/ERK signaling path-
ways can also be mediated by the vagus nerve [86, 
87]. Although the mechanistic connection between 
� 7nAchR and eNOS production is not thoroughly 
studied, increased eNOS expression and nitrate/
nitrite production are also observed in chronic VNS. 
Melanocortin analog (Nle4, D-Phe7)-α-melanocyte-
stimulating hormone (NDP-α-MSH) is associated 
with the over-expression of the pro-survival pro-
teins heme oxygenase-1 (HO-1) and Bcl-XL in the 
heart. Furthermore, the phosphatidylinositol-3 kinase 
(PI3K)/AKT signaling pathway, which is another 
highly conserved pathway involved in various bio-
logical process including apoptosis and myocardial 
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hypertrophy was reported to be involved in the anti-
arrhythmic effects of low-level VNS [88, 89].

An intact vagus nerve is essential to containing 
inflammation, and stimulatory effects on the vagus 
nerve have been consistently described as a method 
to inhibit the inflammatory cytokine release. For 
example, it was found that bilateral vagotomy exac-
erbated ventilator-induced lung injury in mice while 
vagal stimulation attenuated lung ischemia/reperfu-
sion injury in rats [90]. Neuroimmune regulation is a 
potential therapeutic target for not only inflammatory 
diseases but also other conditions associated with 
inflammation such as diabetes mellites, obesity, and 
hypertension. Similarly, in healthy aging, an exam-
ple of the association between ANS function and 
inflammation is that baroreflex sensitivity is indepen-
dently inversely associated with both white blood cell 
(WBC) count and C reactive protein level, and HRV 
is independently inversely associated with WBC 
count [91]. Further studies linking resting tonic para-
sympathetic activity with specific molecular pathways 
and circulatory inflammatory markers are warranted.

The effects of inflammation on the ANS

When an inflammatory process is present in the body, 
inflammatory cells such as macrophages, neutrophils, 
and mast cells are recruited to the site of inflamma-
tion, followed by the secretion of various cytokines. 
Peripheral sympathetic nerve fibers with the cor-
responding receptors are prone to nerve fiber repul-
sion caused by nerve repellent factors Sema3C and 
Sema3F secreted by macrophages and fibroblasts 
in the neurite outgrowth assay [92, 93]. This loss of 
innervation is a specific process that mainly affects 
the sympathetic nerves fibers [94].

Asides from the loss of sympathetic innervation, a 
centrally controlled systemic increase in sympathetic 
nervous system (SNS) activity is also a basic response 
to inflammation. However, SNS activity contributes 
to both pro-inflammatory and anti-inflammatory 
mechanisms. The local promotion of regulatory B 
cells subsides inflammation, and β2-adrenoceptor 
stimulation inhibits TNF production [95]. On the 
other hand, stimulation via α2-adrenoceptors is pro-
inflammatory [96]. Therefore, the net outcome of 
stimulating adrenoceptors on immune cells is not 
entirely predictable.

Chronic inflammation as a source of endothelial 
dysfunction in the context of aging

Atherosclerotic cardiovascular disease and hyperten-
sion, the two major sources of health burden in the 
elderly, are both adverse outcomes of endothelial 
dysfunction [97]. The normal functioning of various 
organs and tissues is supported by the integrity of the 
vascular endothelium. Endothelial dysfunction, char-
acterized by the reduced bioavailability of endothe-
lial nitric oxide (NO), is accompanied by permanent 
disruption of the permeability of the endothelial bar-
riers and is generally considered as an inflammatory 
response to noxious stimuli [98]. When challenged 
with certain pro-inflammatory cytokines or bacterial 
products (e.g., endotoxins), endothelial cells undergo 
a coordinated program of altered gene expression, 
which shifts many of their metabolic properties [99]. 
Vascular inflammation is a major part of inflammag-
ing and a significant contributing factor to endothelial 
dysfunction.

It has been established that age-related oxidative 
stress is the main contributor to endothelial dysfunc-
tion. Although less evidence is available, chronic 
inflammation is proposed to be another inducing 
factor for endothelial dysfunction. Based on clinical 
observation, the risks for endothelial dysfunction and 
atherosclerosis are elevated for inflammatory bowel 
disease even in patients without traditional cardiovas-
cular risk factors [100]. Similarly, increased cardio-
vascular risks are seen in patients with systemic lupus 
erythematosus, rheumatoid arthritis, and severe pso-
riasis [101], while reduced levels of plasma endothe-
lial dysfunction biomarkers including intercellular 
adhesion molecule 1 (ICAM-1), vascular cell adhe-
sion protein 1 (VCAM-1), and E-selectin are found 
in patients with rheumatoid arthritis after anti-TNF-α 
therapy [102].

Circulating inflammatory markers such as homo-
cysteine and von Willebrand factor have strong cor-
relations with endothelial dysfunction and immune 
cell infiltration into blood vessels [103]. However, 
whether or not inflammation has a direct contribution 
to vascular dysfunction or only indirectly contrib-
utes to endothelial dysfunction by inducing oxidative 
stress has not been well established (Fig.  2). There 
is plenty of evidence to suggest that excessive or 
unregulated free radical production not only induces 
inflammatory responses but also occasionally serves 
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as a response to inflammatory cytokines [104, 105]. 
Early in  vitro studies showed that neutrophils from 
an inflammatory response may directly produce ROS 
such as superoxide [105]. It has also been recently 
discovered that there is crosstalk between impor-
tant inflammatory cytokines and ROS. TNF-induced 
necroptosis itself generate ROS, and TNF signal-
ing leads to NADPH oxidase 2 activation to produce 
ROS [9, 10]. IL-6 induces oxidative stress in vascu-
lar smooth muscle cells through upregulation of the 
angiotensin II type 1 receptor [11]. Meanwhile, the 
production of ROS can reciprocally activate the IL-6/
STAT3 signaling pathway to induce cellular senes-
cence [106]. Independent of ROS level, IL-17 is an 
important example of how cytokines can directly 
affect endothelial function. IL-17 is one of the most 
important cytokines involved in neutrophil recruit-
ment and macrophage activation [107, 108]. Den-
dritic cells in the vascular wall produce IL-6, IL-1, 
and TGF-� to activate  CD4+ T cells, which then 
transform to Th-17 cells. IL-17A produced by Th-17 
cells then activates T cells themselves, endothelial 
cells, smooth muscle cells, and macrophages. When 
activated, endothelial cells produce IL-6 and G-CSF 
to further promote the inflammatory process in the 
vascular wall, which involves neutrophil activa-
tion and recruitment to the vessel wall, altering the 

structure of the vessel wall and leading to vascular 
function impairment [109]. Aside from C reactive 
protein (CRP), TNF-� can directly disrupt the bio-
synthesis of NO by downregulating the expression of 
endothelial nitric oxide synthase (eNOS) [110, 111]. 
On the contrary, it has been shown that mice without 
B and T cells (RAG-1-/-) show a less pronounced 
production of superoxide and a less severe develop-
ment of hypertension in response to angiotensin II; 
ablation of myelomonocytic cells generated the same 
effects [112, 113].

On the other hand, ROS activate pro-inflamma-
tory transcription factors such as Nrf2, NF � B, and 
AP1 to modulate the expression of genes encoding 
chemokines and adhesion molecules [114]. Radicals 
also signal to directly upregulate the expression of 
neutrophil recruiter cytokine IL-8 via MAPK [115]. 
Nevertheless, ROS-mediated cell damage is a major 
source of local and systemic inflammation. Damage-
associated molecular patterns (DAMPs), such as 
chromatin-associated protein high mobility group 
box1, heat shock proteins, and purine metabolites 
(ATP, uric acid), are released from damaged cells. 
Extracellular matrix fragments also release extra-
cellular DAMPs. DAMPs go on to exert their pro-
inflammatory effects via pattern recognition receptors 
(e.g., Toll-like receptors) and non-pattern recognition 

Fig. 2  The association 
between autonomic nervous 
system dysfunction, inflam-
mation, oxidative stress, 
and endothelial dysfunction. 
ANS, autonomic nervous 
system. Aging-induced 
autonomic nervous system 
dysfunction is a possible 
inciting factor of inflam-
mation. Inflammation 
and oxidative stress then 
enhance each other to 
induce endothelial dysfunc-
tion in the elderly. However, 
whether inflammation has 
a direct contribution to 
endothelial dysfunction is 
not established
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receptors (e.g., receptor for advanced glycation end-
product, RAGE) [116]. When combined, all these 
factors further propel inflammation. The down-
stream signal transduction pathways, including NF 
� B, PI3K, JAK [116], STAT, and MAPK are then 
activated by inflammatory cytokines. Finally, a pro-
inflammatory, pro-vasoconstrictive, and prothrom-
botic endothelial cell phenotype is induced by the 
interaction between inflammation mediators and ROS 
(Fig. 3).

Sex differences in vascular function

Sex is an important biological variable in a variety of 
physiological and pathophysiological processes. Men 
and women lose the normal anti-inflammatory and 
antithrombotic properties of their endothelial cells at 
different paces. While the decline in endothelial func-
tion occur earlier in men, women have a higher rate 
of decline than men later in life, especially around 
the stage of menopause [117, 118]. Sex hormone 
profiles contribute to endothelial functional differ-
ences between men and women. When activated, 
estrogen receptors promote NO release via eNOS 
while engagement of androgen receptors result in 
impaired NO release. In addition, differences in car-
diovascular risk factors such as cigarette smoking, 
hypertension and dyslipidemia constitute a worse risk 

profile in men. On the other hand, sex differences in 
systemic and plaque inflammation is not well-deter-
mined. Female sex is associated with enhanced sys-
temic inflammation suggested by higher CRP levels 
in women [119]. On the contrary, male sex is asso-
ciated with increased inflammatory plaque infiltrates 
found in endarterectomy specimens [120]. Similar to 
the trends seen with endothelial dysfunction, younger 
women tend to have a decreased development of 
cardiovascular disease and experience lower rates 
of myocardial infarction relative to men; it should 
be noted that women catch up to men at the age of 
60–79 years and surpass men by the age of 80 years 
[121]. When discussing vascular function in the geri-
atric population, gender differences factor should not 
be neglected.

The protective effects of VNS against endothelial 
dysfunction

Diminished vagal tone contributes to a pro-inflam-
matory status with associated sequelae, as evi-
denced by impaired endothelial function with age 
and the beneficial effects of experimental VNS, 
possibly through both direct protective effects and 
curbed systemic inflammation [122, 123]. VNS 
is documented to attenuate vascular endothelial 
impairments in ovariectomized rats [122]. Similar 

Fig. 3  Inflammation 
contributes to endothelial 
dysfunction via or inde-
pendent of oxidative stress. 
Ang II type 1 R, angioten-
sin II type 1 receptor; IL, 
interleukin. TNF signaling 
leads to NADPH oxidase 2 
activation to produce ROS. 
IL-6 induces oxidative 
stress through upregulation 
of the angiotensin II type 
1 receptor. Independent 
of oxidative stress, IL-17 
produced by Th17 cells is 
one of the most impor-
tant cytokines involved in 
neutrophil recruitment and 
macrophage activation to 
cause vascular inflammation 
and endothelial dysfunction
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protective effects were found in a high-salt diet-
induced endothelial dysfunction model [124]. VNS 
is associated with attenuated lung microvascular 
endothelial cell damage such as swelling, basement 
membrane defects, as well as necrosis and cavita-
tion caused by LPS administration and burn injury 
[125, 126]. In a rat myocardial ischemia/reperfu-
sion injury model, the mesenteric artery micro-
scopic structure was preserved after VNS [127]. In 
humans, acute non-invasive low-level tragus stimu-
lation is observed to improve endothelial function 
assessed by flow-mediated dilatation in the brachial 
artery and cutaneous microcirculation with laser 
speckle contrast imaging in the hand and nail bed 
[128]. Non-invasive neuromodulation aiming to 
regain balance of ANS is a promising therapeutic 
option to modulate the neuroimmune axis in a vari-
ety of inflammatory and cardiovascular conditions.

Conclusions

Aging is related to numerous dysfunctions and 
homeostasis disturbances. Along with other estab-
lished contributors to inflammaging, ANS dysfunc-
tion characterized by sympathetic overdrive and 
reduced vagal activity as assessed by MSNA and 
HRV may lead to a weakened vagal anti-inflamma-
tory reflex and chronic low-degree inflammatory 
state in the elderly, whereas VNS exerts protective 
effects against both inflammation and oxidative 
stress in order to counteract endothelial damage. 
Inflammation interacts with oxidative stress and acts 
independently to induce endothelial dysfunction. In 
an effort to establish a weakened anti-inflammatory 
reflex as a source of chronic inflammation, pre-
clinical models might be required to investigate the 
activity of inflammatory pathways in aged animals. 
Furthermore, the molecular and cellular level inves-
tigation into the complete pathway of autonomic 
dysregulation-inflammation-endothelial dysfunction 
is warranted.
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