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Transcutaneous auricular vagus
nerve stimulation as a potential
novel treatment for polycystic
ovary syndrome

Shike Zhang'?, Hui He3*, Yu Wang*, Xiao Wang? & Xiaofang Liu®

Polycystic ovary syndrome (PCOS) is a common endocrine disorder in women of childbearing age.
The etiology of PCOS is multifactorial, and current treatments for PCOS are far from satisfactory.
Recently, an imbalanced autonomic nervous system (ANS) with sympathetic hyperactivity and
reduced parasympathetic nerve activity (vagal tone) has aroused increasing attention in the
pathogenesis of PCOS. In this paper, we review an innovative therapy for the treatment of PCOS

and related co-morbidities by targeting parasympathetic modulation based on non-invasive
transcutaneous auricular vagal nerve stimulation (ta-VNS). In this work, we present the role of the
ANS in the development of PCOS and describe a large number of experimental and clinical reports
that support the favorable effects of VNS/ta-VNS in treating a variety of symptoms, including
obesity, insulin resistance, type 2 diabetes mellitus, inflammation, microbiome dysregulation,
cardiovascular disease, and depression, all of which are also commonly present in PCOS patients. We
propose a model focusing on ta-VNS that may treat PCOS by (1) requlating energy metabolism via
bidirectional vagal signaling; (2) reversing insulin resistance via its antidiabetic effect; (3) activating
anti-inflammatory pathways; (4) restoring homeostasis of the microbiota-gut-brain axis; (5) restoring
the sympatho-vagal balance to improve CVD outcomes; (6) and modulating mental disorders. ta-VNS
is a safe clinical procedure and it might be a promising new treatment approach for PCOS, or at least a
supplementary treatment for current therapeutics.

The pathological mechanism of polycystic ovary syndrome. Polycystic ovary syndrome (PCOS)
is a common reproductive and endocrine disorder with a prevalence of 4-10% in women of childbearing-age
depending on the definitions that are used'. Its typical clinical manifestations include menstrual irregulari-
ties, clinical and/or biochemical hyperandrogenism (HA), and polycystic ovary morphology on ultrasound*’.
Besides reproductive dysfunction, PCOS may result in various metabolic co-morbidities affecting multiple
aspects of a woman’s overall health. For example, insulin resistance (IR) is a key characteristic of PCOS, and
this can be exacerbated by obesity, particularly visceral adiposity*. Women with PCOS also have a markedly
increased risk for impaired glucose tolerance™®, type 2 diabetes mellitus (T2DM)”#, and cardiovascular disease
(CVD)® owing to the persistent effects of IR on metabolism. In addition, these women are more likely to suffer
from psychological illnesses such as anxiety and depression than healthy controls'®-'>.

PCOS is a biologically heterogeneous condition involving multiple pathophysiological processes that lead to
ovarian dysfunction. It is considered to be a neuroendocrine disease resulting from an aberrant hypothalamic-
hypophyseal system!®!7. Hypothalamus-pituitary-ovary axis dysregulation—including rapid gonadotrophin-
releasing hormone pulse frequency associated with luteinizing hormone (LH) hypersecretion and increased
ovarian androgen production—leads to impaired folliculogenesis and oocyte development'®?°. Adrenally derived
androgens due to disruption of the hypothalamic-pituitary-adrenal (HPA) axis may also contribute to the
occurrence of PCOS?!. IR and HA are the most significant hormonal disturbances and are usually regarded as
the chief causes of PCOS*. In addition, chronic low-grade inflammation may be an important component in
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the pathophysiology of PCOS and might have additional effects on the long-term metabolic disorders related
to PCOS**. Recently, increasing studies have reported that autonomic dysfunction is also involved in the
development of PCOS*-%8,

The sympatho-vagal balance. The sympathetic nervous system (SNS) and parasympathetic nervous sys-
tem (PNS) are two primary branches of the autonomic nervous system (ANS). The vagus nerve (VN), which
is the 10th and longest of the cranial nerves with 80%-90% afferent fibers, is a critical constituent of the PNS
and acts as an important bidirectional conduit between the body and brain and mainly serves to maintain
homeostasis®**. The functions of the SNS and PNS are antagonistic and are in dynamic balance under physi-
ological conditions, and imbalances in the interactions between the SNS and PNS can lead to various autonomic
modulation-related disorders, including neurological, metabolic, inflammatory, cardiovascular, and psychiatric
diseases®. In general, this imbalance involves relatively higher sympathetic activity associated with a paucity of
parasympathetic activity*2.

Link between ANS dysfunction and PCOS. Ovary function is not only regulated by hormones, but
also by neural signals. The ovary is innervated by the sympathetic superior ovarian nerve and the ovarian plexus
nerve from the upper lumbar segment via visceral nerve fibers and by the parasympathetic nerve through the
VN, which is regulated by the central nervous system (CNS)***%. Abnormalities in the ANS play an important
role in the progression of ovarian pathological conditions, such as PCOS. Numerous previous experiments in
rats with steroid-induced polycystic ovaries have shown that hyperactivity of the SNS innervating the ovary—
which can be demonstrated through enhanced synthesis of SNS activity markers, such as nerve growth fac-
tor, norepinephrine, and tyrosine hydroxylase—may contribute to the etiology of PCOS****. Furthermore, the
peripheral SNS may be involved in the pathophysiology of PCOS by modulating immune-endocrine function®.
In turn, hormonal and metabolic disturbances are also related to autonomic dysfunction in PCOS. Hashim et al.
reported that obese women with PCOS exhibited more pronounced autonomic dysfunction and sympathoexci-
tation than non-obese patients*!. Shorakae et al. demonstrated that lower high-molecular-weight adiponectin,
a biologically active form closely associated with insulin sensitivity and metabolic disorders, is inversely associ-
ated with increased sympathetic activity in women with PCOS*2. Sverrisdottir et al. showed that testosterone is
positively associated with muscle sympathetic nerve activity in lean women with PCOS*, and Shorakae et al.
found that chronic low-grade inflammation might play a potential role in mediating the effect of sympathetic
dysfunction on HA and IR in PCOS*.

Based on the abundant evidence of increased sympathetic neural activity in PCOS documented in both animal
and human studies, and the complicated and bidirectional associations of sympathetic activation with endocrinal
and metabolic disorders, it is reasonable to speculate that sympathoexcitation may play a role in the progression
of the syndrome. Therefore, treatments that seek to reduce sympathetic activity or increase parasympathetic
activity in order to restore the sympatho-vagal balance may have the potential to improve the outcomes of PCOS.
Indeed, conventional interventions, such as weight loss, pharmacotherapy with the insulin sensitizer metformin,
electroacupuncture, etc., have been reported to play a role in suppressing sympathetic over-activation*$, while
parasympathetic (vagal) modulation has been largely neglected.

Transcutaneous auricular vagus nerve stimulation (ta-VNS). Vagus nerve stimulation (VNS), a
kind of bioelectronic medicine, was first introduced by James Leonard Corning in the late eighteenth century and
provided a new way of regulating the autonomic tone*. Emerging evidence has verified the improved outcomes
of VNS in treating various diseases, and it has been approved by the Food and Drug Administration (FDA) as
an alternative therapy for refractory epilepsy, refractory depression, cluster headaches, and migraines*. Fur-
thermore, studies have expanded the use of VNS for a wider range of illnesses, including obesity, diabetes, CVD,
and chronic inflammatory disorders such as sepsis, lung injury, rheumatoid arthritis, etc.*’. Initially, VNS was
performed by implanting stimulating or surface electrodes into the easily accessible vagus nerve in the neck for
acute or chronic stimulation. However, this invasive VNS technique is associated with various surgical complica-
tions, for example, infection, cardiac arrhythmia, device malfunction, cough, hoarseness, dyspnea, dysphagia,
and so on*, thus limiting the application of VNS among larger patient populations. With advancements in
medical technology, VNS can now be applied indirectly and non-invasively, including transcutaneous cervical
VNS and ta-VNS¥.

Specifically, the auricular concha area is the only place on the body surface where the VN sends its peripheral
branch, called the auricular branch of the vagus nerve (ABVN)*. The ABVN forms a cutaneous receptive field
in the pinna of the ear that is highly sensitive to external stimuli. The locations for the application of ta-VNS on
the auricular surface are shown in Fig. 1. Evidence for the effects of ta-VNS on brainstem neuronal responses in
healthy subjects has been confirmed by fMRI data demonstrating that ta-VNS of the cymba conchae projects to
the nucleus tractus solitaries, which is a primary relay station for vagal afferent signals, and its main dopamin-
ergic-downstream targets, the dorsal raphe nucleus, the substantia nigra, the subthalamic nucleus, and a region
adjacent to the red nucleus™®. It is precisely because of this direct anatomical pathway between the ABVN and
the brainstem that makes it possible for ta-VNS to regulate bodily functions. Electricity has been an important
tool in clinicians’ treatments over the past 2000 years, and using electrical stimulation has become one of the
optimal way to perform non-invasive or minimally invasive stimulation of the outer ear®>*2. Although still lacking
FDA approval, current evidence suggests several advantages of ta-VNS, including beneficial effects comparable
to implantable VNS, simple operation, greater accessibility, and milder side-effects>->>
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Figure 1. The locations for ta-VNS on the auricular surface. ta-VNS: transcutaneous auricular vagal nerve
stimulation.

Hypothesis

Because ta-VNS is as effective as conventional VNS, we hypothesize that parasympathetic activity is increased by
ta-VNS so as to suppress sympathetic overactivity and restore sympatho-vagal balance. Our hypothesis assumes
that the severity of PCOS and its associated complications can be attenuated by "endogenous systemic braking",
which will be naturally provided by the parasympathetic part of the ANS.

Potential pathways and action mechanisms by which ta-VNS has Therapeutic effects
on PCOS

Energy metabolism regulation via bidirectional vagal signaling.  Although obesity is not necessary
for the PCOS phenotype, most women with PCOS are overweight or obese. Obesity worsens IR and compensa-
tory hyperinsulinemia (HI), which in turn promotes adipogenesis and reduces lipolysis. In addition, obesity
increases the sensitivity of thecal cells to luteinizing hormone stimulation, leading to amplified ovarian androgen
production®. Furthermore, obesity is often accompanied by systemic or tissue-specific chronic inflammation and
oxidative stress, which is also true in the ovary, thus impairing oocyte development and maturation and reducing
female fertility®. Generally, weight loss is the first step in the management of PCOS*, and various weight loss
strategies like modified diet, regular exercise, behavioral changes, and even bariatric surgery in cases of severe
obesity have been proposed. However, PCOS patients often fail to maintain these interventions and have high
drop-out rates, thus decreasing the long-term effects of the interventions. The optimal methods for improving
sustainability to achieve the recommended weight loss goal need further research™.

In particular, the VN establishes a bidirectional communication between the gastrointestinal tract and the
CNS and thus plays an important role in regulating energy metabolism. There is evidence that disrupted vagal
signaling is associated with the development of diet-induced weight gain, and targeting the VN with neuro-
modulation provides a novel way to treat obesity®. Previously, several small clinical studies performed in patients
with depression or epilepsy observed that VNS might have a significant effect on weight loss®-*!. Subsequent
experiments also showed that chronic VNS can effectively reduce food intake and decrease body weight by
increasing brain satiety signals or by delaying gastric emptying mediated via the vagal afferents®*-°. In addition,
restoring or augmenting VN activity can attenuate obesity-associated conditions via inflammatory reflexes®”.
Recently, implanted VNS for obesity has been approved by the FDA®. As a non-invasive alternative approach to
VNS, ta-VNS is now being investigated to evaluate its effect on weight loss. Li et al. observed that auricular VNS
showed remarkable effects on reducing body weight and reducing visceral fat in obese rats®’. Wang and Yu et al.
reported that ta-VNS significantly ameliorates weight gain without changing food intake in Zucker diabetic fatty
rats’"72. The mechanism might be that ta-VNS can accelerate energy expenditure by inhibiting hypothalamic
P2Y1R expression, which is responsible for intracellular triglyceride accumulation in adipocytes mediated by
extracellular ATP7?. Furthermore, the beneficial effects of ta-VNS on body weight and metabolic parameters
were shown to produce lasting changes in brain networks”. Therefore, it is suggested that ta-VNS might be an
alternative therapy for obesity in women with PCOS.

Reversing insulin resistance via antidiabetic effect. IR is seen in 50% to 70% of women with PCOS”
and causes increased secretion of insulin in pancreatic B-islet cells and leads to compensatory HI. IR/HI stimu-
lates increased production of androgens from ovarian theca cells’”® and inhibits the production of sex hormone
binding globulin in the liver, resulting in elevated free testosterone levels in the circulation”. IR and HA are
considered to be the chief cause of PCOS*. 1t is likely that the presence of IR in PCOS contributes to abnormal
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glucose homeostasis that further develops into T2DM, and these alterations strongly correlate with the degree
of adiposity. On the other hand, the increased androgen secretion associated with PCOS also plays a role in the
development of prediabetes and T2DM by exacerbating IR’ or by stimulating low-grade inflammation”. Clini-
cal evidence has suggested that administration of insulin-sensitizing agents, such as metformin and inositols,
along with lifestyle modification can improve the endocrine and metabolic conditions in women with PCOS®.
However, these agents are still controversial and are associated with some adverse effects such as diarrhea and
stomachache?®!. Studies on how to prevent T2DM in women with PCOS are lacking.

The VN plays a necessary role in maintaining glucose homeostasis. The vagal afferent transmits nutrient-
dependent signals generated from the upper small intestine to the liver and activates the vagal efferent system
at the level of the dorsal vagal complex, thereby regulating hepatic glucose production®?. Furthermore, the VN
is involved in mediating early-phase insulin release as well as optimizing postprandial insulin release from the
pancreas®. Numerous studies have suggested that ANS imbalance characterized by sympathetic activation or
NV inactivity is associated with abnormal glucose metabolism®:. For example, Poon et al. observed that high
homeostasis model assessment index for insulin resistance is associated with lower high frequency spectral
component, which is an indicator of vagal activity measured during daily activities®. The research by Saito et al.
yielded similar results®. Chen et al. reported that muscle sympathetic nerve activity burst frequency is inversely
correlated with liver insulin sensitivity in non-diabetic obese men®’. Licht et al. found that high respiratory sinus
arrhythmia (which reflects high PNS activity) is negatively associated with glucose levels®. Carnethon et al. indi-
cated that lower heart rate variability, which has been used to non-invasively assess efferent vagal pathway activity,
is independently associated with the risk of developing T2DM in healthy adults®. Given the above association
between the VN and glucose metabolism, some studies have provided evidence that targeting vagal signaling
to affect glucose metabolism may have therapeutic potential for reversing metabolic disorders. Chunchai et al.
and Samniang et al. reported that VNS for 12 weeks significantly improved both peripheral and brain insulin
sensitivity in obese IR rats and pigs’*'. Huang et al. reported that ta-VNS significantly reduced fasting plasma
glucose, 2-h fasting plasma glucose, and glycosylated hemoglobin compared with the no-treatment control group
and concluded that ta-VNS is a promising, simple, and cost-effective treatment for impaired glucose tolerance/
pre-diabetes with only mild side-effects®. Payne et al. and Meyers et al. further suggested that selective efferent
VNS might be an effective therapy for treating T2DM?**%. As for the therapeutic mechanism, Deng et al. proposed
that VNS may prevent IR by activating the a7nACh receptor to attenuate endoplasmic reticulum stress-induced
inflammation, thus ameliorating hepatic IR in Kupffer cell’®. Li et al. demonstrated that long-term ta-VNS treat-
ment may prevent the progression of hyperglycemia possibly through up-regulating insulin receptor expression
in various tissues®®. Wang et al. also suggested that ta-VNS can regulate glucose metabolism by triggering the
rhythmic secretion of melatonin, which plays a protective role in T2DM’’. In addition, Yin et al. reported that
VNS reduces blood glucose in diabetic rats by enhancing the release of glucagon-like peptide-1, which can be
relayed by vagal afferent neurons to the brain to participate in satiation and glucoregulatory responses®. There-
fore, we propose the use of ta-VNS to modulate IR in the management of PCOS.

Activation of anti-inflammatory pathways. Kelly et al. proposed for the first time that chronic low-
grade inflammation is a novel mechanism contributing to coronary heart disease and T2DM in women with
PCOS*. Since that work, inflammation has increasingly been recognized as a key contributor to the pathogen-
esis of PCOS. The chronic low-level inflammation associated with PCOS generally does not show any obvious
symptoms such as local redness or fever, but can result in the secretion of inflammatory factors, mainly char-
acterized by elevated concentrations of C-reactive protein (CRP), tumor necrosis factor, interleukin 18 (IL-18),
IL-6, white blood cell count, monocyte chemoattractant protein-1, macrophage inflammatory protein-1a, etc.”.
In addition, all key features of PCOS, such as obesity, IR/HI, and HA aggravate the inflammatory state by pro-
moting the oversecretion of proinflammatory factors'®. There is also evidence that the uterine hyperinflamma-
tory state in PCOS may induce major pregnancy complications ranging from recurrent miscarriage to placental
dysfunction'®!. Therefore, activation of the anti-inflammatory pathways might provide new therapeutic targets
for treating PCOS.

Since the late 1990s, the VN has been thought to be a core part of an anti-inflammatory regulatory pathway,
which is a part of the inflammatory reflex consisting of both an afferent sensory and efferent effector arm'®%. The
anti-inflammatory function of the VN might be mediated by several pathways'®. The first is the anti-inflamma-
tory hypothalamic—pituitary-adrenal axis (HPAA) pathway. In the HPAA, inflammatory signals are conveyed
to the nucleus tractus solitaries via IL-1f receptors in vagal afferents, which activates the A2 noradrenergic
group neurons and then sends information to the parvo-cellular region of the paraventricular nucleus of the
hypothalamus surrounding corticotrophin releasing factor—containing neurons. These neurons then activate the
release of adrenocorticotrophic hormones, which ultimately stimulate the release of glucocorticoids to exert anti-
inflammatory effects. The second is the cholinergic anti-inflammatory pathway (ChAP). This pathway is initially
activated through afferent VN stimulation, and the signal is then sent to the brain and processed in a muscarinic
acetylcholine receptor-dependent manner, and the integrated anti-inflammatory signal is subsequently trans-
mitted via VN efferent fibers to enteric neurons resulting in the release of acetylcholine (Ach), which activates
the a7 nicotinic receptors in macrophages causing down-regulation of pro-inflammatory cytokines. The third is
the splenic sympathetic anti-inflammatory pathway (SSAP). The inflammatory information is conveyed to the
spleen through VN stimulation, and this results in the release of norepinephrine from splenic nerve terminals.
Norepinephrine activates 2 adrenergic receptors in specialized T-lymphocytes and promotes the synthesis and
expression of Ach. Ach binds to the a7 nicotinic receptors in macrophages, which inhibits the release of pro-
inflammatory cytokines. Currently, several preliminary studies have shown a promising effect of the application
of VNS as an anti-inflammatory treatment in a range of inflammatory diseases such as sepsis, obesity, CVD,
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lung injury, diabetes, rheumatoid arthritis, and inflammation-related pain*’. The development of ta-VNS, which
does not need an implanted electrode and neurostimulator, is thus of therapeutic interest. Salama et al. showed
that ta-VNS attenuates the acute postsurgical inflammatory response by reducing serum CRP, IL6, and IL10 in
patients undergoing lobectomy'®. Animals experiments have also suggested that ta-VNS can suppress inflamma-
tory responses via the a7nAChR-mediated ChAP!%>1%, Therefore, it stands to reason that a sustained increase in
vagal nerve activity through ta-VNS treatment may result in a strong anti-inflammatory response by activating
the HPAA, ChAP, or SSAP and thus relieving the inflammatory state associated with PCOS.

Restoring homeostasis of the gut-microbiota-brain axis. In the past two decades, the relationship
between the gut microbiota (GM), also called the "second genome" in the human body, and metabolic disorders
has become a research hotspot and has provided new insights into the pathogenesis of PCOS!?. Increasing
studies have investigated the potential role of GM dysregulation in the occurrence of PCOS. These studies have
reported that compared with healthy controls, women with PCOS have reduced GM diversity and altered bar-
rier function'®®!%, and dysbiotic GM in PCOS is not only associated with metabolic disorders such as IR and
obesity!"12, but also with reproductive defects such as increased androgen concentrations'’* and decreased
estradiol levels'®. Zhao et al. concluded in a recent literature review that the GM may promote the development
of PCOS through several possible mechanisms, including energy absorption, short-chain fatty acids, lipopoly-
saccharides, choline and bile acids, intestinal permeability, and the brain-gut axis'””. Therefore, research target-
ing the modulation of the GM as a novel therapy for the treatment of PCOS has aroused much interest.

The brain-gut axis is a bidirectional communication system between the brain and the GM through multiple
pathways, including the VN, the immune system, neuroendocrine pathways, and bacteria-derived metabolites'**,
of which the afferent vagal pathway is suggested to be the most important'!>. The VN can sense the bacterial
compounds or metabolites secreted from the GM through its afferent projections and can transmit this gut
information to the CNS where it is integrated and adaptive or inappropriate responses are generated, the latter
of which can perpetuate pathological conditions in the digestive tract or favor neurodegenerative diseases''®!”.
Therefore, focusing on the VN might help restore the homeostasis of the microbiota-gut-brain axis to treat these
diseases. Compelling evidence have shown that VNS can ameliorate gut dysbiosis-induced pro-inflammatory
effects, and VNS may rescue decreased gut mucosal integrity by upregulating enteric glial cells, reducing systemic
proinflammatory cytokines, promoting recovery as well as modulating immune functions''®!"°. With regard to
the effect of VNS/ta-VNS on the GM profile, there is only the paper by Haney et al. and although their results
were neutral, the authors concluded that VNS remains a promising experimental and therapeutic modality for
manipulating GM communities'?’. Here, we hypothesize that VNS/ta-VNS can play a positive role in the treat-
ment of PCOS by maintaining the GM homeostasis, and this is worth studying in the future.

Restoring the sympatho-vagal balance to improve CVD outcomes. CVD is one of the important
long-term complications in PCOS patients and is a general clustering of cardiac risk factors. Multiple studies
have indicated the relationship between PCOS and an increased risk of CVD'?!. Hudecova et al. found that
middle-aged patients with PCOS showed more pronounced endothelial dysfunction in comparison to their age-
matched controls'?%. Another 21-year follow-up study indicated that women with PCOS had a higher prevalence
of hypertension and increased triglyceride levels during their postmenopausal period than controls'?. Mani
et al. reported a high incidence and age-group-specific prevalence of T2DM, myocardial infarction, and angina
among women with PCOS, and over a quarter of them had myocardial infarction or angina when they were
older than 65 years'?!. The underlying links between PCOS and CVD are complex and involve various inter-
acting cardiovascular and metabolic factors. These pathophysiological processes include visceral obesity, IR,
impaired glucose and lipid homeostasis, HA, and chronic low-grade inflammatory status, all of which appear to
responsible for making women with PCOS more prone to developing CVD'*>!?¢, Consequently, all women with
PCOS should be assessed for cardiovascular risk factors. Lifestyle management is recommended as the first-line
therapy to prevent primary CVD, and insulin sensitizers, cholesterol-lowering drugs, and other drugs should be
administered if dyslipidemia or other risk factors persist'’.

The ANS plays a pivotal role in the onset and progression of CVD, including hypertension, arrhythmias,
coronary artery disease, and heart failure'?. On the one hand, an increase in cardiovascular sympathetic modula-
tion is associated with poor clinical outcomes and serious complications'?, while on the other hand the cardiac
parasympathetic system appears to be protective against CVD and related mortality both in normal subjects
and PCOS patients'’. Thus, both increased sympathetic and decreased vagal activity may predict abnormal
cardiovascular parameters. A growing number of studies have attempted to restore sympatho-vagal balance for
the treatment of CVD, and current therapies mainly focus on reducing sympathetic overactivity. However, the
appearance of drug resistance and the invasive nature of some surgical procedures have become major challenges
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to successful treatment. In contrast, targeted stimulation of the parasympathetic branch of the ANS through
VNS has shown remarkable effects as an alternative therapeutic method for treating CVD. In the study by Huang
et al. the results showed that ta-VNS significantly decreased systolic blood pressure over time compared to sham
ta-VNS®2. Sclocco et al. found that mid-intensity respiratory-gated auricular vagal afferent nerve stimulation
(RAVANS) could increase the cardiovagal tone and reduce the sympathetic tone during a paced breathing task,
which suggested that RAVANS could be used as a non-invasive and inexpensive therapeutic intervention for
hypertension'!. In a prospective study, 24 patients with diastolic dysfunction and preserved left ventricular
ejection fraction received two separate 1 h sessions, at least 1 day apart, of active low-level transcutaneous vagus
nerve stimulation at the tragus (LLTS) or sham stimulation, and active LLTS treatment acutely improved left
ventricular function and favorably altered the heart rate variability frequency domain components'*%. Moreover,
the antiarrhythmic properties of ta-VNS on atrial fibrillation were also reported in human studies'**!3%. Given
the impressive results of ta-VNS in the treatment of CVD, interventions against the cardiovascular complica-
tions of PCOS with non-invasive stimulation approaches such as ta-VNS may lead to a significant improvement
in patients’ long-term health.

Effectively modulating mental disorders. Depression is a common disorder that negatively impairs
psychological function and reduces quality of life. A large number of studies have shown that PCOS patients
suffers from increased incidence of psychological distress, such as depression'*!*-137. A recent meta-analysis
covering more than 3000 subjects from 10 different countries reported that women with PCOS have twice the
prevalence of depression compared to controls (36% vs. 14%), and women with PCOS showed moderate to
severe depressive symptoms with an odds ratio of 4.18 compared to women without PCOS'*. The clear etiol-
ogy of PCOS-associated depression has not yet been described. The various pathophysiological mechanisms
that contribute to depression include IR, disturbance in the HPA axis, androgen excess, inflammation, and the
clinical presentations of obesity, hirsutism, and infertility'*!*°. The growing attention to depression has been
recognized, and international guidelines now recommend that all women with PCOS should be screened and
managed for depression'*!. Weight loss and dietary changes are important measures to prevent PCOS-associated
depression. The treatment of PCOS-induced depression is similar to that for depression resulting from other
causes, including lifestyle modifications, cognitive behavioral therapy, and pharmacological agents like oral con-
traceptive pills, metformin, spironolactone, and other antidepressants'*.

In the past 20 years, a growing number of studies have suggested VNS as a treatment for depression
2005, VNS was acknowledged by the FDA as an alternative treatment for difficult-to-treat depression in patients
more than 18 years old who do not respond to four or more antidepressant treatment protocols'*. In 2016,
with the further development of medical research, the Canadian Network for Mood and Anxiety Treatments
recommended VNS as the third-line therapy for drug-resistant depression'*. Data showed that VNS treatment
could improve depression scores by about 25-35%'*". However, psychiatrists generally do not consider surgical
therapy to treat mental illness, even when such therapy is minimally invasive and reversible. Recently, other
non-invasive methods, especially ta-VNS, have shown strong therapeutic potential. Numerous animal studies
in rat models of stress have suggested a promising role for ta-VNS in alleviating depressive disorder compared
to sham ta-VNS?®!48-150_ A recent meta-analysis including four clinical studies with 222 individuals prelimi-
narily demonstrated that ta-VNS could effectively decrease 24-item Hamilton Depression Rating Scale scores,
Self-Rating Depression Scale scores, Beck Depression Inventory scores, and Self-Rating Anxiety Scale scores
and concluded that ta-VNS was an effective and safe therapy for major depressive disorder’>. With respect
to the potential mechanisms for ta-VNS in the treatment of depression, several hypotheses were put forward,
including directly and indirectly modulating the activity and connectivity of key brain regions involved in the
pathophysiology of depression, inhibiting neuro-inflammatory sensitization, modulating hippocampal neuro-
genesis, and regulating the GM-brain-gut axis'*?. Thus, we hypothesize that direct stimulation of the afferent
nerve fibers of the ear through ta-VNS produces a similar effect as classic VNS in order to treat PCOS patients
with depressive symptoms.

142-144 In

Conclusion and future direction

ANS dysfunction plays a nonnegligible role in the development of PCOS. The VN belongs to the ANS, and the
participation of the VN in regulating ovarian functions has been suggested as an innovative point of departure
for studying PCOS. Based on the clinical and experimental findings mentioned above, the enhancement of vagal
activity by VNS/ta-VNS may lead to improvement in the various symptoms and complications associated with
PCOS, including obesity, IR, T2DM, inflammation, microbiome dysregulation, CVD, and depression. Therefore,
we propose a model focusing on ta-VNS that can act on multiple pathways that may treat PCOS (as shown in
Table 1 and Fig. 2), including (1) regulating energy metabolism via bidirectional vagal signaling; (2) reversing
IR via its antidiabetic effects; (3) activating anti-inflammatory responses through the HPAA, ChAP, and SSAP;
(4) restoring homeostasis of the microbiota-gut-brain axis; (5) restoring the sympatho-vagal balance to improve
CVD outcomes; and (6) modulating mental disorders. Thus, ta-VNS may be a promising novel therapeutic
approach for the treatment of PCOS. The research results for VNS/ta-VNS and for PCOS point to each other;
however, there is a lack of relevant research combining the two. Exploring ta-VNS in the management of PCOS
is pioneering work, and further studies are needed to dig into the underlying therapeutic mechanisms. Clinical
trials with large sample sizes need to be conducted to verify the real effect and long-term safety of ta-VNS in
women with PCOS before ta-VNS can be applied in the clinic.
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Potential pathways

Action mechanisms PCOS-associated complications

Regulation of energy metabolism via bidirectional vagal signaling

Reduce food intake

Accelerate energy expenditure Obesity

Reversing IR via antidiabetic effect

Increase insulin secretion

. IR and T2DM
Suppress glucose production

HPAA pathway

Activation of the anti-inflammatory pathways ChAP pathway Inflammation

SSAP pathway

Upregulate enteric glial cells
Reduce proinflammatory cytokines

Restoring homeostasis of the Microbiota-Gut-Brain Axis Promote recovery GM dysregulation

Modulate immune functions
Modulate GM composition

Restoring the sympatho-vagal balance to improve CVD outcomes

Increase the cardiovagal tone

Reduce the sympathetic tone CvD

Effectively modulating mental disorders

Modulate the activity and connectivity of key brain regions
Inhibit neuro-inflammatory sensitization

Modulate hippocampal neurogenesis

Regulate the GM-brain-gut axis

Depression

Table 1. Potential pathways and action mechanisms for the therapeutic effects of ta-VNS on PCOS. ta-VNS
transcutaneous auricular vagal nerve stimulation, PCOS Polycystic ovary syndrome, IR insulin resistance,
T2DM type 2 diabetes mellitus, HPAA hypothalamic-pituitary-adrenal axis, ChAP cholinergic anti-
inflammatory pathway, SSAP splenic sympathetic anti-inflammatory pathway, GM gut microbiota, CVD
cardiovascular diseases.
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Figure 2. Possible pathways and action mechanisms of ta-VNS in the treatment of PCOS. ta-VNS
transcutaneous auricular vagal nerve stimulation, PCOS Polycystic ovary syndrome, IR insulin resistance,
T2DM type 2 diabetes mellitus, HPAA hypothalamic-pituitary-adrenal axis, ChAP cholinergic anti-
inflammatory pathway, SSAP splenic sympathetic anti-inflammatory pathway, GM gut microbiota, CVD
cardiovascular diseases.
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