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The activation of the sympathetic nervous system is one of
the hallmarks of cardiovascular diseases, including hyper-
tension, heart failure, and chronic kidney disease (CKD),
and sympathoexcitation is closely related to hemodynamic
changes in these disease states. Fibroblast growth factor 21
(FGF21) is mainly secreted from the liver in response to
metabolic stress to improve glucose and lipid metabolism
and obesity. In addition to its metabolic effects, FGF21 also
exerts cardiovascular effects and has been shown to be
increased in the circulation of CKD patients. Circulating
FGF21 can be elevated in response to impaired
FGF21 sensitivity and reduced expression of the FGF21
receptor. This phenomenon is known as an FGF21 resis-
tance state and contributes to metabolic dysfunction in
diabetes and obesity. However, it is unknown to what
degree elevated circulating FGF21 is involved in cardio-
vascular dysfunction in CKD.
In a study published in this issue of Hypertension Research
[1], Matsui et al. investigated the associations among serum
FGF21 levels, hemodynamics, and renal functions in
humans. Brachial and aortic blood pressure (BP) and aortic
pulse wave velocity (PWV) were measured to assess
hemodynamics, and the estimated glomerular filtration rate
(eGFR) and urinary albumin and creatinine ratio (UACR)
were determined to assess renal function. The results
showed that serum FGF21 levels were associated with
systolic BP (SBP), pulse pressure (PP) and PWV. Sub-
sequent mediation analyses demonstrated that serum FGF21
levels mediated the relationship of the eGFR with SBP, PP,

and PWV and that of the UACR with PWV. These results
suggest that FGF21 may increase aortic stiffness and blood
pressure in patients with renal dysfunction.

Conflicting results on the effects of FGF21 on BP have
been reported in animal studies. Intraperitoneal infusion of
recombinant human FGF21 (rhFGF21) for 3 weeks reduced
SBP in high-fructose-supplemented hypertensive rats; this
reduced SBP was accompanied by improved baroreflex
sensitivities, as assessed by responses to intravenous injec-
tion of phenylephrine and sodium nitroprusside [2]. In that
study, acute intravenous injection of rhFGF21 did not exert
any significant change in BP in either high-fructose-
supplemented hypertensive rats or normotensive control
rats. Another study showed that acute injection of rhFGF21
into the nodose ganglion, which transmits sensory vagal
afferent signals from the visceral organs/tissues to the central
nervous system, reduced BP and enhanced baroreflex sen-
sitivity in normotensive Sprague–Dawley rats [3]. A previous
report by some of the same authors demonstrated that mice
with CKD induced by uninephrectomy and a high-phosphate
diet exhibited hypertension during physical activity and
augmented sympathetic nerve activity as assessed by power
spectral analysis; importantly, the knockout of FGF21
restored these CKD-related adverse changes [4]. These
findings from previous studies suggest that FGF21 exerts
different actions depending on the injection site, duration of
administration, and type of animal model.

The authors hypothesize that FGF21 mediates CKD-
related hypertension and aortic stiffness and propose the
underlying mechanisms by which FGF21 activates the
sympathetic nervous system and the FGF21 resistance state
causes metabolic dysregulation leading to atherosclerosis.
One way that FGF21 acts on the sympathetic nervous
system is by entering the brain through the blood–brain
barrier (BBB). Indeed, intracerebroventricular injection of
FGF21 induces the expression of c-Fos, a marker of neu-
ronal activation, in the suprachiasmatic nucleus, para-
ventricular nucleus (PVN), dorsomedial hypothalamus, and
nucleus tractus solitarius (NTS) [5]. The PVN and NTS are
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well-known cardiovascular centers interacting with each
other and interacting with the rostral ventrolateral medulla
(RVLM), which projects to the intermediolateral cell col-
umn (IML) in the spinal cord to determine sympathetic
outflow to the periphery [6]. FGF21 activates PVN
NUCB2/Nesfatin-1 neurons [5] and corticotropin-releasing
hormone (CRH) neurons [7]. Both NUCB2/Nesfatin-1 and
CRH neurons have been shown to increase sympathetic
nerve activity.

FGF21 is suspected to also be involved in afferent neural
pathways modulating the sympathetic nervous system.
Afferent neural pathways, which are composed of sensory
vagal afferents and sensory afferents, are another important
way the sympathetic nervous system is regulated. These
afferent neural pathways include the inhibitory or excitatory
renal reflex, baroreflex, adipose afferent reflex, cardiac
sympathetic afferent reflex, exercise pressor reflex, etc.
Chronic sympathoexcitation is the pathological property of
cardiovascular diseases such as hypertension, CKD, and
heart failure. Resting afferent renal nerve activity is
increased in deoxycorticosterone acetate-salt hypertensive
rats [8], 2-kidney 1-clip CKD mice [9], and rats with heart
failure induced by coronary artery ligation [10]. Selective
afferent renal denervation performed by capsaicin applica-
tion improves hypertension [8], CKD [9, 11] and heart
failure [12] and mitigates sympathetic nerve overactivity as

assessed by direct recording of renal, splanchnic and lumbar
sympathetic nerve activities and serum/urinary nor-
epinephrine levels [11, 12]. Afferent renal nerve signals are
centrally integrated at the level of the PVN [6]. The
expression of nitric oxide (NO) and neuronal NO synthase
(nNOS) has been shown to be decreased in the PVN in
various models of hypertension and heart failure. Selective
afferent renal denervation restores the expression of NO and
nNOS in the PVN, with concomitant sympathoinhibition, in
rats with heart failure [12].

It is well known that signals from the baroreceptor in the
carotid sinus and aortic arch are conveyed to the NTS in the
brainstem and are relayed to the RVLM via the caudal
ventrolateral medulla to maintain BP and heart rate (HR)
and that together they comprise the baroreflex pathway [6].

The adipose afferent reflex (AAR) is a sympathoexcita-
tory reflex induced by the response of adipose tissue to
sensory stimulations [13], resulting in increased energy
expenditure. The AAR has a pivotal role in metabolic
homeostasis and has hemodynamic effects. Sensory affer-
ents from adipose tissue convey signals to the PVN and
RVLM through the dorsal root ganglion and dorsal horn in
the spinal cord. The AAR has been shown to increase BP
and renal sympathetic nerve activity and can be initiated by
leptin, adenosine, bradykinin, protons, or capsaicin [13]. In
addition to these substrates, FGF21 could be involved in the
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Fig. 1 Proposed model for the roles of FGF21 in regulating the
sympathetic nervous system in chronic kidney disease. Green arrows
show the potential sites targeted by FGF21 and the effects of FGF21.
Black arrows show the interaction among the PVN, NTS and RVLM
in the central nervous system and the sympathetic efferent pathways.
Blue arrows show the sensory afferents and sensory vagal afferents.
Red arrows show the possible effects of exercise, baroreflex activation

and renal denervation. PVN paraventricular nucleus, NTS nucleus
tractus solitarius, RVLM rostral ventrolateral medulla, IML inter-
mediolateral cell column, CRH corticotropin-releasing hormone, Nesf-
1 nesfatin-1, FGF21 fibroblast growth factor 21, SBP systolic blood
pressure, PP pulse pressure, PWV pulse wave velocity, eGFR esti-
mated glomerular filtration rate, UACR urinary albumin creatine ratio
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AAR to activate sympathetic outflow, thereby affecting BP
and arterial stiffness.

The cardiac sympathetic afferent reflex is also implicated
in the maintenance of BP and HR. Afferent signals from the
epicardium and myocardium are conveyed to the NTS in the
brainstem, which interacts with the PVN and RVLM.

The exercise pressor reflex (EPR) is the mechanism by
which sympathetic nerves are activated to increase BP and
HR during exercise. EPR is evoked by muscle afferents that
sense changes in contracting skeletal muscle and transmit
information to the central nervous system to regulate BP
and HR responses to exercise [14, 15].

The major sites in the central nervous system for afferent
signal integration are the PVN and NTS, which dictate
sympathetic outflow and regulate cardiovascular function.
FGF21 can act on the PVN and NTS not only by pene-
trating the BBB but also through afferent pathways (Fig. 1).
In the CKD condition, the excessive activation of renal
afferents and possibly other sensory afferents changes the
properties of the PVN and NTS, including the brain renin-
angiotensin system, NO/NOS and reactive oxygen species
mechanisms, and the inflammation and immunity system
[6]. These changes in the central nervous system might
aggravate FGF21-mediated sympathoexcitation and con-
tribute to the FGF21 resistance state and higher circulating
FGF21 levels. In this issue, Matsui et al. suggest that
exercise is one of the potential strategies to reduce elevated
levels of circulating FGF21. It was previously reported that
exercise training affects sensory afferents to improve sym-
pathoexcitation in pathophysiological states [16]. These
findings prompt us to speculate that exercise training acts on
neural afferents to restore CKD-related adverse changes in
the central nervous system, alleviating the FGF21 resistance
state and reducing the levels of circulating FGF21 (Fig. 1).
From this point of view, other neuromodulation therapies,
such as baroreceptor activation therapy and renal denerva-
tion, are potential candidates to reduce the levels of circu-
lating FGF21 concomitant with sympathoinhibition. It is
worth investigating whether the levels of circulating FGF21
are changed after these neuromodulation therapies in CKD.

In conclusion, the current paper by Matsui et al. [1]
demonstrated a potentially unfavorable mediation by
FGF21 in elevating blood pressure and aortic stiffness with
renal dysfunction in adult humans. The overactivation of the
neural circuitry of sensory afferents and sympathetic effer-
ents in CKD probably aggravates FGF21-mediated sym-
pathoexcitation and contributes to the FGF21 resistance
state. Intervention in this vicious neural circuit could be a
potential strategy to improve the FGF21-mediated sym-
pathoexcitation and FGF21 resistance state, reduce the
levels of circulating FGF21 and suppress cardiovascular
events in CKD patients (Fig. 1). Further basic and clinical
studies are needed to explore the potential roles of FGF21 in

regulating the cardiovascular system via afferent neural
pathways in hypertension, heart failure, and CKD.
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