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Abstract

Cancer cachexia, characterized by muscle wasting and widespread inflammation, poses a
significant challenge for patients with cancer, profoundly impacting both their quality of life and
treatment management. However, existing treatment modalities remain very limited, accentuating
the necessity for innovative therapeutic interventions. Many recent studies demonstrated that
changes in autonomic balance is a key driver of cancer cachexia. This review consolidates
research findings from investigations into autonomic dysfunction across cancer cachexia, spanning
animal models and patient cohorts. Moreover, we explore therapeutic strategies involving
adrenergic receptor modulation through receptor blockers and agonists. Mechanisms underlying
adrenergic hyperactivity in cardiac and adipose tissues, influencing tissue remodeling, are also
examined. Looking ahead, we present a perspective for future research that delves into autonomic
dysregulation in cancer cachexia. This comprehensive review highlights the urgency of advancing
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research to unveil innovative avenues for combatting cancer cachexia and improving patient
well-being.
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1.

Introduction

Throughout evolution, the autonomic nervous system (ANS) has played a pivotal role in
enabling our bodies to effectively respond to and adapt to environmental fluctuations. This
adaptive capacity extends to instances of illness. For instance, the sympathetic nervous
system (SNS) orchestrates the well-known “fight or flight” response, gearing the body

to combat disease by modulating immune responses and triggering heightened caloric
expenditure (Elias et al., 1998; Bellinger et al., 2008). While these acute responses can
confer advantages during acute challenge (Cannon and Nedergaard, 2004; Luan et al.,
2019), the prolonged activation or inactivation of the sympathetic response can devolve
into a counterproductive state, yielding adverse outcomes. This phenomenon is prominently
evident in individuals grappling with cancer, culminating in debilitating conditions like
cachexia that significantly curtail life quality and increase mortality.

Cancer cachexia is a debilitating and multifactorial syndrome that is often observed in
patients with lung, pancreatic, and gastrointestinal malignancies. It is characterized by
progressive loss of muscle mass and adipose tissue, accompanied by systemic inflammation,
fatigue, and metabolic abnormalities (Fig. 1) (Murphy, 2016; Argiles et al., 2023). This
condition significantly impacts the quality of life of patients with cancer, and is a major
cause of morbidity and mortality. Indeed, it is estimated that cachexia accounts for up to 20
% of cancer related deaths (Tisdale, 2002; Poisson et al., 2021; Argiles et al., 2023). Despite
its impact, effective treatment for cancer cachexia remains elusive, highlighting a significant
gap in therapeutic options.

In clinical categorization, this condition is stratified into three stages: precachexia, cachexia,
and refractory cachexia (Fearon et al., 2011). During the precachectic phase, patients
encounter anorexia and altered nutrient flux without substantial weight loss. Diagnostic
benchmarks for the cachectic phase encompass either a body weight reduction exceeding

5 % over a span of 6 months, or a body mass index (BMI) below 20 kg/m?2 coupled with
ongoing weight loss surpassing 2 % or the presence of sarcopenia alongside ongoing weight
loss beyond 2 %. In the terminal stage, refractory cachexia may manifest in terminally

ill patients, characterized by active catabolism where the management of weight loss is
unattainable, and the projected survival duration is approximately 3 months (Fearon et al.,
2011). There have been many refinements to this consensus, but the basic principles still
apply (Roeland et al., 2020; Arends, Strasser et al., 2021; Meza-Valderrama et al., 2021;
Nishikawa et al., 2021).
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Presently, anamorelin, a selective agonist of the ghrelin/growth hormone secretagogue
receptor (HGSR), stands as the sole approved cachexia treatment in Japan (Wakabayashi et
al., 2021). Given the multifaceted nature of cancer cachexia, a holistic therapeutic approach
that concurrently addresses various metabolic and inflammatory pathways may yield the
most favorable outcomes. Thus, understanding pathways that play a pivotal role in cancer
cachexia — such as disrupted energy equilibrium, inflammation, and neural mechanisms
contributing to this syndrome — are important in identifying intervention targets.

A plethora of recent studies in both human patients and pre-clinical animals demonstrate
the role of adrenergic signaling in the pathogenesis of cancer cachexia. Since many of the
organs affected by cancer cachexia (e.g., adipose tissue, heart, and skeletal muscle) are
densely innervated by sympathetic nerves, the perturbed balance between the sympathetic
and parasympathetic inputs can modulating metabolic pathways, culminating in deleterious
consequences for target organs. Both white adipose tissue (WAT) and brown adipose tissue
(BAT), for example, are densely innervated by sympathetic neurons (Jiang et al., 2017,

Chi et al., 2018). In rodents the sympathetic fibers innervating BAT mostly originate from
stellate ganglia as well as T2-T5 paravertebral ganglia (Francois et al., 2019; Barrett et

al., 2022), whereas the neurons innervating inguinal WAT (iWAT) originate from T12-L1
paravertebral ganglia as well as the celiac ganglion (Jiang et al., 2017; Huesing et al.,
2021). In addition to BAT, the postganglionic sympathetic nerves that innervate the heart
also originate from the stellate ganglia, and they are important regulators of cardiac rhythm
and homeostasis. Finally, in addition to motor neutrons, sympathetic nerves also widely
innervate the neuromuscular junction of skeletal muscle (Khan et al., 2016; Straka et al.,
2018). The sympathetic nerves innervating skeletal muscles originate from paravertebral
sympathetic ganglia and reach muscle fibers via Remak fibers (Rodrigues et al., 2019) (Fig.
2).

In this review paper, we provide an overview of the current state of knowledge pertaining
to changes in sympathetic tone within the context of cancer cachexia. Since sympathetic
outflow to target tissues is differentially regulated, we will discuss tissue specific impacts
of adrenergic dysfunction and how it contributes to disease progression. Therapeutic
implications of adrenergic receptor blockers and agonists are also discussed, alongside an
exploration of future research directions in this field. By addressing these aspects, we will
highlight potential novel therapeutic strategies and pave the way for future research in this
critical area of cancer cachexia therapeutics.

Methods

We conducted an extensive search of the PubMed database, covering articles published
up to June 2023. Our search strategy encompassed various keyword combinations,
including variations for “Autonomic signaling and cancer cachexia”; “Adrenergic and
cancer cachexia”; “Heart rate variability and cancer cachexia”. Additionally, we evaluated
the bibliographies of the retrieved articles to identify any further pertinent publications.

Auton Neurosci. Author manuscript; available in PMC 2024 February 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Diba et al.

Page 4

3. Autonomic imbalance in patients with cancer cachexia

Cancer cachexia is a systemic disease that leads to dysregulation of many physiologic
processes in the body. The autonomic nervous system is one of the many systems in the
body affected by this debilitating condition. The evidence for autonomic dysregulation
includes multiple clinical studies demonstrating changes in the heart rate variability

(HRV) of patients with cancer. In one study, for example, Chauhan et al. obtained a
5-minute electrocardiogram from 9 patients with cancer cachexia and compared the different
frequency domains of HRV to age-matched healthy controls. The authors demonstrated

that patients with cancer cachexia had significantly lower HRV in both the low frequency
and high frequency spectral bands (Chauhan et al., 2012). Furthermore, in a prospective
study, body composition and different elements of heart rate variability were analyzed in 50
patients with colorectal cancer (CRC). The authors reported patients with CRC had a lower
lean mass and a global reduction in HRV in the very low frequency, low frequency, and high
frequency spectral bands (Cramer et al., 2014).

The decrease in HRV was also found to be associated with unfavorable outcomes in
patients with cancer. A recent meta-analysis, which included 6 studies and 1286 patients,
demonstrated lower survival rates in patients with lower HRV, indicating the prognostic
value of HRV in the clinical practice (Zhou et al., 2016). Interestingly, this paper excluded
studies with terminally ill or cachectic patients due to the known reduction in the HRV of
cachectic patients. Nonetheless, the results provide support for autonomic dysfunction as an
indicator of poor outcomes in patients with cancer and cancer cachexia.

The observed reduction in the high frequency band indicates a decrease in vagal tone to the
heart. Conversely, the low frequency band is a mix of both sympathetic and parasympathetic
signals. Therefore, a change in the low frequency band may be indicative of alterations in
the activity of either sympathetic or parasympathetic nerves. As such, the available HRV
data do not offer precise insights into how sympathetic signaling is modified in patients.
Nevertheless, an elevation in cardiac sympathetic tone leads to a reduction in the low
frequency domain of HRV. As we discuss later in this review, studies in both patients and
animal models also support the notion that cardiac adrenergic tone is increased in patients
with cancer cachexia.

In addition to cancer cachexia, some cancer therapeutics may also result in changes in HRV.
Antineoplastic agents such as doxorubicin are well-known inducers of cardiac toxicity in
patients with cancer, but their effect on the sympathovagal balance seem to be distinct from
that observed in patients with cancer cachexia. For example, studies in rats reveled that
doxorubicin treatment results in an increase in all elements of heart rate variability (Loncar-
Turukalo et al., 2015; Vasic et al., 2019). Another study by Afonso et al. also demonstrated
an increase in the high frequency band along with a decrease in LF/HF ration (Afonso et
al., 2023). Therefore, these results suggest that the global reduction in HRV observed in
patients with cancer cachexia is most likely driven by cancer and cancer cachexia rather
than chemotherapeutic agents. Indeed, analysis of HRV in chemotherapy-naive patients also
revealed a reduction in HRV (Cramer et al., 2014).
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Changes in autonomic signaling is also one of the key drivers of cachexia pathophysiology.
Presently, it is not clear whether the onset of cachexia precedes autonomic imbalances and
changes in HRV or if the inflammation associated with cancer orchestrates a modulation

of autonomic nerves, thereby leading to cachexia in patients. Conceivably, a positive
feedback loop may be at play, wherein inflammation within the central and peripheral
nervous systems of patients with cancer cachexia reshapes autonomic signaling, and these
autonomic alterations at the level of end organs, in turn, exacerbate symptoms of cachexia
(Fig. 3). This process becomes even more convoluted when considering patients with cancer
dissemination. Multiple studies have pointed to the role of autonomic nerves in cancer
development and metastasis in patients (Ondicova and Mravec, 2010; Sloan et al., 2010;
Magnon et al., 2013; Renz et al., 2018; Mohammadpour et al., 2019), who generally present
with a greater cachexia burden (Biswas and Acharyya, 2020). Therefore, the autonomic
imbalance can further increase cachexia burden by facilitating tumor growth and metastasis
(Fig. 3). Gaining a more profound insight into the temporal dynamics of autonomic nerve
imbalance, the onset of cachexia, and the spread of cancer can provide valuable guidance

on when during the course of the disease distinct therapeutic interventions are most likely to
benefit patients.

4. The impact of adrenergic receptor blockade therapies in patients and

animal models of cancer cachexia

Although the HRV studies implicate changes in both sympathetic and parasympathetic
inputs, most studies to date have focused on the role of sympathetic signaling in cancer
cachexia, and adrenergic receptor blockade shows promise in multiple models of cancer
cachexia. Bisoprolol, a selective beta-1 adrenergic receptor antagonist, for example, was
able to improve food intake and reduce lean and fat mass loss in a rat model of hepatoma
associated cachexia (AH-130) (Springer et al., 2014). Additionally, bisoprolol significantly
reduced mortality rates compared to vehicle treated animals (Springer et al., 2014).
Similarly, specific stereoisomers of beta blockers, such as S-pindolol and S-oxprenolol,
reduced mortality rates and cachexia burden in preclinical animal models by improving food
intake, lean mass, fat mass, and cardiac function (Lainscak and Laviano, 2016; Potsch et
al., 2020; Yuan et al., 2022; Poetsch et al., 2023; Springer et al., 2023). Furthermore, in a
randomized double-blind phase 1l multicenter trial, S-pindolol significantly improved lean
mass and strength in patients with lung and colorectal cancer, but had no effect on fat mass
loss (Stewart Coats, Ho et al., 2016). Collectively, these studies point to the therapeutic
potential of beta-blockers in patients suffering from cancer cachexia (Table 1).

Although adrenergic receptor blockade showed promising results, not all beta blockers
seem to have anti-cachectic properties. In one study, Poetsch and colleagues compared
the therapeutic effects of S-pindolol, carvedilol, metoprolol, nebivolol, and tertatolol on
cachexia burden as well as cardiac mass and function in the Yoshida Hepatoma model

of cachexia. Interestingly, only S-pindolol was able to significantly improve survival and
cardiac function while attenuating loss of lean mass (Poetsch et al., 2023). These results
suggest that the type of beta-blocker needs to be taken into consideration when choosing
a therapeutic regimen. On the molecular level, both S-pindolol and S-oxprenolol alleviate
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tissue wasting by inhibiting catabolic pathways through beta-1 receptor antagonism, activate
anabolic pathways through beta-2 receptor agonism and stimulate appetite and food intake
though a central serotonin receptor (5SHT1a) antagonism (Lainscak and Laviano, 2016;
Potsch et al., 2020; Yuan et al., 2022). This non-specific receptor action of S-pindolol and
S-oxprenolol is the mechanistic basis for their anti-cachectic effects.

In addition to the type of beta-blocker, the type of cancer also needs to be taken

into consideration. The majority of the beta-blocker research has been conducted in the
Yoshida Hepatoma model, which demonstrates a global elevation of sympathetic tone with
augmented plasma norepinephrine levels. In other cachexia models, on the other hand,
sympathetic transmission to distinct targets is differentially regulated with no change in
plasma norepinephrine levels (Xie et al., 2022). Therefore, it is critical to assess the effects
of various beta-blockers in different cancer models in order to establish the most effective
type of beta-blocker for each cancer type.

Many studies have also investigated tissue specific effects of altered adrenergic tone.
Although adrenergic dysfunction in cancer cachexia affects multiple organs, we will only
focus on the heart, skeletal muscle, and adipose tissue in this review. The tissue specific
dysfunction in the parasympathetic arm of ANS, on the other hand, is less explored and
warrants further investigation. This is especially true considering patients with cancer
cachexia experience a global reduction in heart rate variability. Therefore, although not
within the primary scope of this review, it is imperative to underscore the significance of
conducting additional research to gain a better understanding of the respective roles of
sympathetic and parasympathetic dysfunction in driving cancer cachexia pathology.

5. Cardiac adrenergic stimulation and cancer cachexia-associated cardiac

remodeling

Initial observations for cardiac dysfunction and atrophy in patients with cancer was made
by Burch et al. (1968). In addition to cardiac atrophy, the study also noted loss of
epicardial fat and a low athero-sclerotic plaque in the aorta and coronary arteries. The
authors coined the term “cachectic heart” to describe this distinctive syndrome. Since
then, compromised cardiac function resulting from structural and functional remodeling
has been commonly observed in patients with cancer cachexia and survivors, leading to

a more difficult treatment management course and reduced quality of life (Cramer et al.,
2014; Springer et al., 2014; Anker et al., 2016; Barkhudaryan et al., 2017; Anker et

al., 2018; Kazemi-Bajestani et al., 2019a, 2019b; Cai et al., 2020; Anker et al., 2021;
Lena et al., 2023). Additionally, numerous studies in chemotherapy-naive animal models
also demonstrated signs of remodeling and cardiac insufficiency such as atrophy, reduced
ejection fraction, reduced calcium cycling, and switching of myosin heavy chain isoforms
(Tian et al., 2010; Cosper and Leinwand, 2011; Tian et al., 2011; Springer et al., 2014;
Mishra et al., 2018; Law and Metzger, 2021; Uurasmaa et al., 2022; Wiggs et al., 2022).
Although these findings indicate cachexia and metabolic reprogramming as important
drivers of adverse cardiac remodeling in chemotherapy-naive patients, the mediators of
cancer cachexia-induced cardiac remodeling still remain an active area of research.
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Although the exact mechanism of cardiac remodeling in cancer cachexia is not well
understood, several studies point to the role of increased adrenergic transmission in the
heart. For example, in a 5-year prospective study, 145 patients with colorectal, pancreatic,
and non-small cell lung cancers along with 59 healthy control subjects underwent ECG
recordings for evaluation of resting heart rate (RHR). Patients with cancer demonstrated a
significant elevation in their RHR, which was independent of chemotherapy status (Anker
et al., 2016). The authors also found that cancer patients with heart rates greater than 75
beats per minute had lower one-year, two-year and three-year survival rates, highlighting the
prognostic value of RHR in patients with cancer cachexia (Anker et al., 2016). Furthermore,
in a separate retrospective study of 4786 patients with stage I-111 breast cancer, elevated
RHR was also significantly associated with higher mortality rates (Lee et al., 2016).

It is important to acknowledge that the elevation in RHR reported in clinical studies could
be the result of either dysfunctional sympathetic or parasympathetic input to the heart, and
further research is required to determine the respective roles of these systems. However,
clinical studies in patients with cancer cachexia highlighted the significance of adrenergic
hyperactivity. In two separate studies, administration of atenolol and propranolol was able to
significantly reduce resting heart rate and resting energy expenditure (REE) in patients with
cancer cachexia (Hyltander et al., 1993; Hyltander et al., 2000). Interestingly, the authors
attributed the decrease in REE to a decrease in heart rate and concluded that the wasting
observed in patients with cancer cachexia is partially attributable to the increased adrenergic
stimulation of the heart as a result of anemia and diminished contractile capacity (Hyltander
et al., 2000). It is essential to note, however, that beta-blockers can exert their effects on
numerous organs in the body. Therefore, additional studies with ivabradine, a funny channel
pacemaker current (I) blocker, are required to determine if the decrease in REE is truly due
to a decrease in heart rate or due to blockade of adrenergic signaling on other organs, such as
adipose tissue and skeletal muscle.

In addition to regulating resting energy expenditure, elevated sympathetic transmission in
the heart also regulates adverse cardiac remodeling. A study by Springer and colleagues
reported significant functional and structural remodeling of the heart in a hepatoma
associated cachexia model (AH-130) (Springer et al., 2014). Interestingly, the authors found
elevated norepinephrine levels in the plasma of tumor bearing animals, and treatment with
bisoprolol, a selective beta-1 antagonist, was able to reduce adverse cardiac remodeling
by improving cardiac mass, left ventricular stroke volume, and left ventricular end
diastolic volume. On the other hand, treatment with imidapril, an angiotensin converting
enzyme inhibitor, was unable to rescue the cardiac phenotype or improve survival. These
observations suggest that possibly a direct sympathetic hyperactivity to the cardiovascular
system, rather than an indirect mechanism such as activation of the renin angiotensin
system by stimulating beta-1 adrenergic receptors on juxtaglomerular cells of the kidney,
is regulating adverse remodeling.

Despite the large body of research, the mechanism of adrenergic hyperactivity to the heart is
not clear and remains an active area of research. A recent study in a model of fibrosarcoma
associated cachexia demonstrated increased expression of inflammatory markers in various
adrenergic centers in the brain, including locus coeruleus, hypothalamic paraventricular
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nucleus, and A1/C1 neurons (Cernackova et al., 2023). C1 neurons are catecholaminergic
neurons located in the rostral ventrolateral medulla (RVLM) and are a critical mediator

of cardiovascular homeostasis by synapsing to pre-ganglionic sympathetic neurons in the
intermediolateral cell column (Guyenet and Stornetta, 2022). Therefore, the inflammatory
milieu in the RVLM of tumor bearing animals can modulate the activity of these neurons,
thereby increasing cardiac adrenergic transmission. Indeed, VLM catecholaminergic neurons
were found to be activated in a murine colon adenocarcinoma model (MC-38) (Zhang et
al., 2021). The authors reported that activation of these neurons promoted tumor growth,
while ablation of the neurons slowed down tumor growth by modulating cytotoxic T cells.
Although, cardiac adrenergic signaling was not investigated in this study, it is plausible that
activation of VLM catecholaminergic neurons also mediate adrenergic hyperactivity in the
heart (Fig. 5). Additional studies are also needed to investigate adrenergic signaling at the
level of stellate ganglia, the nerve terminals projecting to the heart, and how adrenergic
receptor signaling is perturbed in the cardiomyocytes of tumor bearing animals.

6. Adrenergic stimulation of skeletal muscle and anti-cachectic effects of

beta-2 adrenoreceptor agonists

Sympathetic nerves widely innervate the neuromuscular junction of skeletal muscle, and
their input is important for synaptic maintenance and function (Khan et al., 2016; Straka

et al., 2018). Local sympathectomy of skeletal muscle with 6-OHDA resulted in reduced
complexity and size of neuromuscular junctions (NMJ). This phenomenon was rescued

in animals receiving clenbuterol, highlighting the role of Beta-2 adrenoreceptors in NMJ
biology of skeletal muscle. Sympathetic innervation of skeletal muscle is also an important
regulator of skeletal muscle size and proteolysis. For example, local sympathectomy of
skeletal muscle in mice via lumbar ganglionectomy resulted in muscle atrophy and increased
expression of the E3 Ubiquitin Ligase MuRF1 (Rodrigues et al., 2019). Collectively, these
studies highlight the role of adrenergic signaling in regulating proteolysis and NMJ function
in skeletal muscle and provide support for the use of selective sympathomimetics for
treatment of skeletal muscle wasting disorders such as cancer cachexia.

Beta-2 adrenergic receptor is the major subtype of beta-adrenergic receptor on skeletal
muscle, and its stimulation can mediate muscle hypertrophy by increasing protein synthesis
and slowing down protein degradation (Sato et al., 2011). On the molecular level,

beta-2 adrenoreceptor is coupled to Gas, and stimulation of the receptor results in
conversion of adenosine triphosphate to cyclic adenosine mono-phosphate (cAMP), a second
messenger that activates protein kinase A (PKA). Additionally, the GBy dimer activates

the phosphoinositol 3-kinase (P13K)-AKT signaling pathway. Activation of these signaling
pathways is the mechanistic basis of muscle hypertrophy induced by Beta-2 adrenoreceptor
agonists (Lynch and Ryall, 2008; Goncalves et al., 2019) (Fig. 4).

Interestingly, Beta-2 receptor signaling is also implicated as a regulator of cardiomyocyte
size. Sympathetic denervation studies with 6-OHDA demonstrated activation of E3 ubiquitin
ligases and autophagy genes in the heart, resulting in an atrophic remodeling (Zaglia et al.,
2013). Furthermore, a beta-2 receptor agonist was able to abrogate atrophic remodeling in
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denervated animals, suggesting that the loss of beta-2 adrenergic signal on cardiomyocytes is
the key mediator of atrophy.

Our knowledge regarding how sympathetic signaling is altered within skeletal muscle in the
context of cancer cachexia remains very limited. Nonetheless, due to the hypertrophic effects
of beta-2 adrenergic receptor stimulation, beta-2 adrenoreceptor agonists have received
significant attention in recent years as a therapeutic option for the treatment of cancer
cachexia. Initial studies by Costelli et al. implemented the use of clenbuterol in a rat ascites
hepatoma Yoshida AH-130 model. The authors demonstrated that Clenbuterol suppressed
the rate of protein breakdown, attenuating loss of both skeletal (gastrocnemius and soleus)
and cardiac muscles (Costelli et al., 1995). However, clenbuterol had no effect on food
intake, suggesting that the trophic effects on skeletal and cardiac muscle are independent of
food intake.

Similarly, formoterol, a long-acting beta-2 adrenoreceptor agonist, offered protective
effects in the Yoshida AH-130 ascites hepatoma and the Lewis lung carcinoma models

by decreasing the rate of protein degradation (Busquets et al., 2004). Additionally,
formoterol suppressed apoptosis, proteasome activity, and autophagy in skeletal muscle
while accelerating the rate of protein synthesis (Busquets et al., 2004; Salazar-Degracia et
al., 2018). As such, tumor bearing animals receiving formoterol exhibited preservation of
skeletal and cardiac muscle (Busquets et al., 2004, Salazar-Degracia et al., 2018). However,
formoterol had no effect on WAT mass or food intake. Additional studies demonstrated
that the trophic effects of formoterol is accompanied by improved proxy measures of
quality of life as demonstrated by increased grip force and activity level of tumor bearing
animals (Busquets et al., 2011). Combining formoterol with other anticachectic medications
also seem to augment the trophic properties. For example, Toledo et al. demonstrated that
combination of formoterol and the soluble myostatin receptor ActRIIB resulted in a more
dramatic recovery of skeletal and cardiac tissue compared to animals receiving individual
treatments of these drugs (Toledo et al., 2016).

Novel beta-blockers, such as S-pindolol and S-oxprenolol, also hold a beta-2 agonistic
property, which in combination with antagonistic effects on beta-1 adrenergic receptor
and serotonin receptor (5HT1a) provide a powerful therapeutic potential (Potsch et al.,
2020; Yuan et al., 2022). However, how these medications and other beta-2 adrenoreceptor
agonists modulate the immune system still needs to be investigated. Interestingly, Beta-2
is also one of the major adrenergic receptors on immune cells and can influence their
activation and recruitment to different organs. For example, beta-2 adrenergic receptor
regulates expression of chemokine receptor 2 (CCR2) on leukocytes and their recruitment
to tissues (Grisanti et al., 2016). Other studies demonstrated formoterol treatment perturbs
leukocyte migration and locomotion, resulting in an impaired immune response (Devi et
al., 2021). Lastly, beta-2 adrenergic signaling also regulates egress of hematopoietic stem
cells from bone marrow (Katayama et al., 2006). Therefore, additional research is needed
to better understand if modulation of immune system is involved in the anti-cachectic
properties observed with beta-2 receptor agonists.
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Although most studies point to the beneficial effects of increased sympathetic transmission
in skeletal muscle, increased activity of a recently identified sympathetic circuit involving
the growth and differentiation factor-15 (GDF15) seems to have detrimental effects on
skeletal muscle (Fig. 5). GDF15 is a member of the transforming growth factor-p (TGFp)
family that was initially found to be expressed by macrophages (Bootcov et al., 1997).
However, various other cell types and tissues, including cardiomyocytes, adipocytes,
endothelial cells, kidney, liver, lung, and placental trophoblasts were later found to also
produce GDF15 (Tsai et al., 2018; Coll et al., 2020; Rochette et al., 2020). In healthy
individuals, GDF15 is expressed at low levels, but the levels are significantly elevated in
serum of patients with cancer cachexia (Johnen et al., 2007), thereby mediating a decrease in
food intake and body mass by signaling though glial-cell-derived neurotrophic factor family
receptor a-like (GFRAL) in the brainstem (Emmerson et al., 2017; Suriben et al., 2020).

Interestingly, in addition to the canonical GDF15 signaling pathway, a GDF15-GFRAL-
sympathetic circuit was recently identified to regulate metabolism in cancer cachexia. In

a study by Suriben et al. the authors treated control and sympathectomized mice with
GDF15, and although both cohorts had the same level of drop in their food intake, the
sympathectomized animals had blunted GDF15-induced weight loss (Suriben et al., 2020).
Therefore, the authors concluded that the GDF15-GFRAL signaling regulates body weight
through a sympathetic nervous system mechanism that is independent of the food intake
effects of GDF15. In a more recent study, a GDF15-GFRAL-sympathetic axis was found to
locally increase norepinephrine in skeletal muscle, thereby increasing energy expenditure
by increasing calcium signaling and fatty acid oxidation in skeletal muscle (Wang et

al., 2023). Although this study was not conducted in tumor bearing animals, it provides

an indication that the same process may be happening in patients with cancer cachexia.
However, additional studies are needed to better understand how GDF15 influences skeletal
muscle adrenergic signaling in patients with cancer cachexia. In addition to skeletal muscle,
it is also important to investigate the effects of GDF15-GFRAL-sympathetic circuit on
cardiac sympathetic input during cancer cachexia.

7. Adrenergic signaling in adipose tissue

The dense network of sympathetic fibers in white adipose tissue (WAT) are important
regulators of metabolism and thermogenesis. For example, during cold challenge, the
sympathetic innervation of iWAT regulates adipose tissue browning (Jiang et al.,

2017). WAT browning results in increased expression of thermogenic factors, such as
uncoupling protein-1 (UcpI), which uncouples mitochondrial respiration and increases
energy expenditure. This phenomenon was abolished in animals that underwent a local
sympathectomy of iWAT with 6-OHDA. Additionally, Jiang et al. demonstrated loss of
sympathetic arborization in the iWAT and BAT of both diet-induced and genetic (0b/0b)
models of obesity (Jiang et al., 2017), which further highlights the role of adipose
sympathetic innervation in regulating energy homeostasis. Numerous other studies also
demonstrated the link between sympathetic innervation of adipose tissue and metabolism in
various obesity models (Zeng et al., 2015; Pirzgalska et al., 2017; Chen et al., 2022).
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Similarly, enhanced sympathetic transmission to adipose tissue was demonstrated in animal
models of cancer cachexia in recent years. For example, Petruzzelli and colleagues
demonstrated a role for adrenergic signaling in browning of WAT in various models

of cancer cachexia (Petruzzelli et al., 2014). Similar to models of cold challenge, WAT
browning in cancer cachexia resulted in increased expression of thermogenic factors, such
as Ucpl. The authors demonstrated that the activation of browning programs is mediated
by increased adrenergic outflow to the beta-3 adrenergic receptor in WAT. Indeed, WAT
browning was abolished in tumor bearing animals receiving a novel and selective beta-3
adrenergic receptor blocker.

Although cancer cachexia could result in systemic dysregulation of adrenergic signaling, the
browning of adipose tissue is mediated by a local increase in sympathetic neurotransmission.
Recent studies revealed elevated norepinephrine levels in both iWAT and BAT of tumor
bearing animals but not in plasma, indicating an increase in adrenergic signaling at the
tissue site (Xie et al., 2022). The authors further demonstrated increased neurotrophin
signaling in the iWAT of tumor bearing animals as indicated by elevated expression of

nerve growth factor (NGF) and enhanced sympathetic neuronal outgrowth in both iWAT and
BAT. Utilizing a co-culture system of sympathetic neurons and macrophages, the authors
unveiled a macrophage-sympathetic neuron crosstalk that contributes to the sympathetic
hyperactivity of adipose tissue in cancer cachexia. Sympathetic neurons co-cultured with
macrophages that were pre-treated with plasma of cachectic animals demonstrated reduced
arborization, suggesting the presence of an anti-neurotrophic factor in plasma. However,
co-cultures of sympathetic neurons with macrophages that were pre-treated with 1L-4

and plasma from cachectic animals demonstrated increased arborization. In this elegant co-
culture experiment, the authors demonstrated that IL-4 signaling increases NGF expression
in alternatively activated macrophages, promoting neuronal arborization (Fig. 5).

Cancer cachexia-induced WAT browning and cold-induced thermogenesis share many
similarities. For example, elevated macrophage recruitment and modulation of sympathetic
innervation by alternatively activated macrophages are also implicated in models of cold-
induced WAT browning (Qiu et al., 2014; Jiang et al., 2017). Although the invivo source

of IL-4, which primes alternatively activated macrophages, is not well understood in cancer
cachexia, studies in cold-induced thermogenesis suggested eosinophils as a major source of
IL-4 (Qiu et al., 2014). Additionally, a recent study found that eosinophils also produce NGF
in response to cold-induced thermogenesis, promoting sympathetic neuronal growth (Meng
et al., 2022). Therefore, additional research is warranted to explore the role of eosinophils in
WAT innervation in the setting of cancer cachexia.

In addition to eosinophils, sympathetic associated macrophages (SAMs) are another
type of immune cell that modulate sympathetic transmission in adipose tissue. SAMs
are responsible for taking up and degrading norepinephrine in adipose tissue and their
abundance increases in models of obesity (Pirzgalska et al., 2017). Additionally, genetic
ablation of SAMs results in WAT browning and activation of thermogenic programs.
However, the role and abundance of SAMs in cancer cachexia is unclear and remains an
active area of research.
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Although a few studies in animal models show signs of adipose tissue browning and
increased Ucpl expression, it is crucial to acknowledge that browning of white adipose
tissue is a controversial topic and is not observed across all animal models and patient
cohorts. For example, using an orthotopic model of pancreatic cancer cachexia Michaelis
et al. demonstrated loss of UcpI expression in all adipose tissues in tumor bearing animals
(Michaelis et al., 2017). Rohm et al. also demonstrated that staining of iWAT in the Lewis
Lung carcinoma and C26 colon adenocarcinoma models did not show any UCP1 specific
staining (Rohm et al., 2016). Furthermore, studies in both animal models and human patients
also point to the fact that UCP1 and brown adipose tissue are not key drivers of cachexia.
For example, UCP1 knockout tumor bearing animals were still susceptible to cachexia, and
lost the same amount of body weight and fat mass as their Wild-type counterparts (Rohm
et al., 2016). Furthermore, in a retrospective study fluoro-deoxyglucose (FDG) positron-
emission tomography (PET) imaging analysis of patients with cancer revealed no correlation
between BAT and survival (Eljalby et al., 2023). Interestingly, the authors even found a
negative correlation between BAT and cachexia in patients (Eljalby et al., 2023). In another
retrospective intra-individual longitudinal study, FDG-PET/CT imaging of patients with
cancer did not reveal any correlation between BAT activation and body mass index (BMI)
(Becker et al., 2020). These data challenge the notion that WAT browning and activation of
thermogenic pathways are drivers of cancer cachexia, and it is possible that WAT browning
is a phenomenon observed only in some mouse models and other factors may be involved
in loss of fat mass and cachexia development in human patients. Indeed, studies by Rohm
and colleagues demonstrated inactivation and degradation of AMP-activated protein kinase
(Ampk) as a mediator of WAT wasting (Rohm et al., 2016).

Apart from WAT browning, sympathetic innervation of white adipose tissue also plays an
important role in governing lipolysis by phosphorylating hormone sensitive lipase (HSL)
and activating other lipolytic programs (Bartness et al., 2014). Although the activation of
lipolytic pathways and HSL phosphorylation is well-established in cancer cachexia (Das et
al., 2011), the involvement of sympathetic innervation in this process remains controversial
and an active area of research. Studies by Rohm and colleagues demonstrated that local
sympathectomy of WAT using 6-OHDA had no effect on adipose tissue wasting and

levels of non-esterified free fatty acid in the serum of C26 tumor-bearing animals (Rohm
et al., 2016). Conversely, Xie et al. utilized a genetic approach for selective peripheral
sympathectomy and observed prevention of WAT loss and HSL phosphorylation in the
Lewis Lung Carcinoma model (Xie et al., 2022). These discrepancies could stem from
differences in the experimental approach used to induce sympathectomy or variations in
tumor models employed. Therefore, further investigation is warranted to gain a better
understanding of the role of sympathetic signaling in cancer cachexia-associated lipolysis.

The beta-3 adrenergic receptor is the predominant type of adrenergic receptor found in
adipose tissue, and it plays a critical role in the regulation of adipose tissue metabolism
under both metabolic and cold challenges. However, less is known about the role of other
beta-adrenergic subtypes in the pathophysiology of cancer cachexia and how they promote
adipose wasting. In a prospective study, the expression of various adrenergic receptors and
lipolytic enzymes in the abdominal adipose tissue of 34 chemotherapy-naive patients with
gastrointestinal malignancies was evaluated. The authors demonstrated increased mRNA
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and protein expression of beta-1 adrenergic receptor (ADRB1) and hormone sensitive
lipase (HSL) in patients with cancer cachexia compared to non-cachectic patients and
nonmalignant controls (Cao et al., 2010). The authors also found a positive correlation
between ADRB1 and HSL. However, how much of adipose tissue wasting and increased
energy expenditure is mediated through ADRBL1 signaling still needs to be investigated.

8. Conclusions and considerations for future studies

This review summarizes the current knowledge of the role of the sympathetic nervous
system in cachexia pathophysiology, including autonomic imbalance in patients, therapeutic
effects of various adrenergic receptor blockers and adrenergic receptor agonists, and tissue
specific impacts of increased adrenergic signaling. It is clear that the majority of the
literature in cancer cachexia has focused on role of sympathetic innervation in various
organ systems, but further investigation is needed to evaluate other nerve fibers, including
parasympathetic and sensory nerves, to provide a comprehensive understanding of tissue
innervation in cancer cachexia. Indeed, recent investigations highlighted alterations in
parasympathetic transmission within cancer cachexia models, underscoring the importance
of implementing a holistic tissue innervation approach (Gams et al., 2023).

For future research, it is also essential to consider several critical factors that can
significantly influence experimental outcomes in the context of autonomic signaling studies
and cancer cachexia progression. One such crucial factor is the ambient temperature

of the animal housing facility. Typically, animal facilities maintain temperatures around

21 degrees Celsius, which falls below the thermoneutral range for rodents. This low
temperature can activate sympathetic drive to initiate thermogenesis and directly alter
immune function, potentially confounding experimental results (Karp, 2012). To address
this, it is recommended to house animals in thermoneutral environments (between 28 and 30
degrees Celsius) for investigations involving autonomic signaling.

Furthermore, the location of tumor implantation also warrants careful consideration. Most
studies employ intraperitoneal or subcutaneous tumor implantation, and depending on the
specific site of implantation (e.g., Subcutaneous flank or interscapular space), tumors may
come into closer proximity with autonomic nerves and different adipose tissue depots.
Consequently, the location of tumor implantation can potentially impact experimental
outcomes. To gain a deeper understanding of how cancer cells influence autonomic signaling
and cachexia progression within their native environment, it is important to develop better
models of cancer cachexia that employ orthotopic implantation.

While norepinephrine stands as the chief neurotransmitter discharged from sympathetic
nerve terminals, exerting multifarious regulatory effects within skeletal, cardiac, and adipose
tissue domains, the release of adenosine triphosphate (ATP) and neuropeptide-Y (NPY) as
co-transmitters adds an intriguing layer to this dynamic interaction. However, in the context
of cancer cachexia, the ramifications of sympathetic co-transmitters remain overshadowed
and warrant in-depth exploration. Unveiling the distinct impacts of different co-transmitters
constitutes an essential avenue for advancing our comprehension of this intricate interplay.
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Finally, there is a need for the refinement of techniques for achieving potent and specific
sympathectomy in animal models. Presently, numerous investigations in cancer cachexia
lean on the deployment of 6-OHDA to initiate the degeneration of sympathetic nerves.

It is important to note, however, that 6-OHDA disrupts adrenergic and dopaminergic

axons throughout the periphery. Therefore, in addition to the loss of norepinephrine

signal, there is also a loss of other neurotransmitters (e. g., neuropeptide-Y) as well as
potential direct trophic signals from the sympathetic neurons. Loss of adrenergic innervation
to organs like the spleen or bone marrow can also have a significant impact on the

immune response. Additionally, the administration of 6-OHDA is also accompanied by the
generation of substantial amounts of reactive oxygen species, which can introduce variables
that potentially distort experimental outcomes. Genetic models of sympathectomy have

also been utilized to induce a global sympathectomy. However, considering sympathetic
signaling is differentially regulated, utilizing alternative approaches such as chemogenetic or
optogenetic methods to induce local sympathectomy that afford heightened selectivity and
precision holds potential to considerably enhance accuracy of research in this field.
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Fig. 1.

Schematic illustrating features of cancer cachexia. The systemic inflammation associated
with cancer cachexia results in metabolic imbalance. As such, patients with cancer cachexia
experience fatigue and a reduction in appetite and body weight that is accompanied by

a paradoxical increase in metabolic rate and catabolism of both skeletal and cardiac

muscle. Additionally, the reprograming of metabolism orchestrates adipose tissue loss and
remodeling and reduces tolerance to many anti-neoplastic therapies.
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Fig. 2.

Sc%ematic illustrating post ganglionic sympathetic innervation of heart, brown adipose tissue
(BAT), inguinal white adipose tissue (iWAT), and skeletal muscle in rodents. Heart receives
sympathetic innervation from neurons in stellate ganglion (SG). BAT is innervated by
neurons originating from stellate ganglion and T2-T5 paravertebral ganglion. The celiac
ganglion (CG) and T12-L1 paravertebral ganglia innervate iWAT. Finally, skeletal muscle is
innervated by paravertebral ganglia.
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Fig. 3.

Diagram depicting the impact of autonomic imbalance on cancer progression and
development of cancer cachexia. The presence of a peripheral tumor leads to the
development of cancer cachexia in patients, resulting in the disruption of numerous
physiological processes in the body. The disruption in the autonomic nervous system, in
turn, exacerbates cachexia symptoms. Moreover, Changes in autonomic signaling can also
facilitate tumor growth and dissemination, which will further exacerbate cachexia burden.
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Fig. 4.

Graphical representation of the influence of beta-2 adrenergic receptor agonists on loss
of skeletal and cardiac muscle during cancer cachexia. Stimulation of beta-2 adrenergic
receptor on both skeletal and cardiac muscle leads to increased protein synthesis and
decreased protein degradation, which attenuates loss of lean mass in patients with cancer
cachexia.
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Fig. 5.

Sugmmary of findings and potential mechanisms of increased sympathetic signaling

and tissue remodeling during cancer-associated cachexia. An increased adrenergic
transmission in the heart increases heart rate while decreasing heart rate variability

and regulating maladaptive cardiac remodeling. Although the exact mechanism of
enhanced adrenergic transmission in the heart is unknown, inflammation and activating
of VLM catecholaminergic neurons are reported in animal models. Additionally, the
GDF15-GFRAL-Sympathetic circuit in involved in increasing skeletal muscle adrenergic
transmission, leading to increased energy expenditure. Increased nerve density in the
white adipose tissue (WAT) is regulated by the nerve growth factor (NGF) secreted from
alternatively activated macrophages. The increased nerve density and adrenergic signaling
on beta-3 adrenergic receptor regulates WAT browning and increased energy expenditure in
some animal models of cancer cachexia.
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Summary of Beta-blocker studies in patients with cancer cachexia as well as various cancer cachexia animal

models.

Animal model/patient population Beta-blocker

Findings

Reference

Patients with various solid tumors Propranolol
Patients with gastric, rectal, Atenolol and
pancreatic, and hepatocellular propranolol
carcinomas

Rat Yoshida Hepatoma model of Bisoprolol
cachexia

Patients with Small cell lung cancer S-pindolol
or colorectal cancer (ACT-ONE trial)

Rat Yoshida Hepatoma model of S-pindolol
cachexia

Mouse model of pancreatic and lung S-pindolol
cancer

Rat Yoshida Hepatoma model of S-pindolol,

cachexia carvedilol,
metoprolol,
nebivolol, and
tertatolol

Rat Yoshida Hepatoma model of S-oxprenolol

cachexia

K5-SOS model of skin cancer Selective Beta-3
adrenergic receptor
blocker

Propranolol reduced resting energy expenditure

Reduced heart rate and resting energy
expenditure

Improved food intake, lean mass, fat mass,
activity level, cardiac function, and survival

Attenuated weight loss and improved handgrip
strength

Improved food intake, activity level, and survival
and attenuated loss of lean mass and fat mass

Improved lean mass and grip strength, but had no
effect on fat mass loss

Only S-pindolol Improved cardiac function, food
intake, activity level, and survival and attenuated
loss of lean mass and fat mass

Improved lean mass, fat mass, food intake, and
survival, but did not improve cardiac function

Reduced white adipose tissue browning

(Hyltander et al., 1993)
(Hyltander et al., 2000)
(Springer et al., 2014)
(Stewart Coats, Ho et al.,
2016)

(Potsch et al., 2020)

(Springer et al., 2023)

(Poetsch et al., 2023)

(Yuan et al., 2022)

(Petruzzelli et al., 2014)
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