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Abstract
Neuromodulation by means of vagus nerve stimulation (VNS) therapy, re-
duces seizure frequency and improves quality of life in subjects with drug- 
resistant epilepsy (DRE), yet its molecular mechanism remains unclear. This 
study investigates the impact of chronic VNS on lipid bioactive metabolites 
and fatty acids (FA) in the plasma and red blood cells of seven subjects with 
DRE. By measuring expression levels of peroxisome proliferator- activated 
receptor α (PPARα) and sirtuin1 (SIRT1) genes—key regulators in energy 
and lipid metabolism—and lipid profiles before and after various stages of 
VNS, this study identifies potential mechanisms by which VNS may reduce 
seizure frequency. Blood samples collected before VNS device implantation, 
after acute VNS stimulus, and following gradual intensity increments up to 
therapeutic levels revealed that VNS increases SIRT1 and PPARα expression 
and erythrocyte concentrations of PPARα ligands. Additionally, we observe 
reduced de novo lipogenesis biomarkers in erythrocytes, indicating that VNS 
may influence systemic lipid and energy metabolism. Our findings suggest 
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1 |  INTRODUCTION

Vagus nerve stimulation (VNS) is the most widely used 
neurostimulation therapy approved by Food and Drug 
Administration since 1997 for the treatment of subjects with 
drug- resistant epilepsy (DRE) not surgically treatable or re-
fractory to it. Over 25 years of studies have demonstrated the 
clinical efficacy of VNS in DRE, both in controlling refractory 
seizures and in stabilizing mood disturbances and cognitive 
impairment.1 Furthermore, chronic stimulation induces 
molecular, cellular, and electrophysiological changes within 
the vagal afferent network at three main levels (brainstem, 
limbic system, and cortex).2 Notwithstanding, some crucial 
pieces are still missing.

Recent findings have stated a significant association 
between epilepsy and metabolism, with some researchers 
defining epilepsy as a “metabolic disease.”3 Uncontrolled 
seizures would alter major energetic pathways3,4 and sev-
eral known metabolic perturbations as mutations are suf-
ficient to initiate acquired and certain genetic epilepsies.3 
Consistent with these epilepsy- related metabolic pertur-
bations, beneficial effects of chronic VNS on energy bal-
ance have been demonstrated. Weight loss and an increase 
in whole- body energy expenditure have been observed in 
subjects with epilepsy treated with VNS,5,6 but the effect of 
this therapy on body weight has remained unclear.

By using an experimental animal model, we first 
demonstrated that long- term VNS treatment alters the 
levels of lipid mediators that are part of the endocannabi-
noidome (eCBome), a complex lipid signaling system that 
is present in all mammalian tissues and plays important 
functions in the central nervous system and in the context 
of metabolic disorders.6,7 Notably, we observed increased 
levels of the bioactive mediator N- palmitoylethanolamine 
(PEA), an endogenous ligand of the transcription factor 
peroxisome proliferator- activated receptor alpha (PPARα) 
involved in the modulation of energy metabolism both at 
central and peripheral level.6,8 Pparα hepatic abundance 

was also increased following VNS6. These results led us 
hypothesize that in subjects with DRE treated with VNS, 
a metabolic improvement induced by PPARα activation 
at a central level as well as the activation of another reg-
ulator of energy metabolism, sirtuin1 (SIRT1), may con-
tribute to reducing the frequency of epileptic seizures by 
enhancing fatty acids (FA) oxidation and ketogenesis, 
which have been widely shown to ameliorate neuron 
function.9,10

So far, to the best of our knowledge, no study has been 
conducted in humans to investigate the metabolic- related 
molecular mechanisms beneath VNS therapy. In this pre-
liminary study, we, therefore, assessed, in seven subjects 
with DRE treated with chronic VNS, the plasma and red 
blood cells FA and eCBome- related molecules profiles, as 
well as leucocyte PPARα and SIRT1 mRNA expression, in 
order to identify possible circulating metabolic biomark-
ers of VNS which could represent most likely candidates 
for innovative therapeutic treatments.

2 |  METHODOLOGIES

2.1 | Population and recruitment

Candidates for VNS implantation (n = 7, Table  1), were 
recruited at the Center for Diagnosis and Treatment of 
Adult Epilepsy—AOU Cagliari (Ethical Committee ap-
proval Prot. PG. 2020/2970). Inclusion criteria were: 
diagnosis of focal or generalized DRE according to 
ILAE definition,11 not feasibility of surgical treatment. 
Exclusion criteria were pregnancy, refusal to sign the in-
formed consent, subjects younger than 18, and psychiat-
ric comorbidities. After receiving an explanation of the 
study protocol and signing the informed consent form, 
the selected patients underwent a vagus nerve stimulator 
implantation Sentiva Model M1000, except for patient #3 
(Demipulse 104 Duo).

that VNS could enhance neuronal function by modulating energy metabolism, 
thus potentially reducing seizure frequency in subjects with DRE. Future re-
search targeting SIRT1 and PPARα may provide innovative therapeutic strate-
gies for managing DRE.
Plain Language Summary:  The exact mechanism of VNS is still unknown. This 
study investigated the effects of VNS Therapy on energetic metabolism, suggest-
ing possible novel biomarkers for DRE subjects and neuromodulation therapies.
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2.2 | Vagus nerve stimulator 
implantation and setup of the following 
increasing stimulus

Before the implantation, we drew blood samples (T0, 
baseline). Prior to initiating chronic stimulation, a sin-
gle stimulus was delivered for impedance checking; 
30 min after this acute stimulus, a blood sample was 
drawn and the stimulator was activated. The output cur-
rent was gradually increased in increments of 0.25 mA, 
at intervals of at least 2 weeks, until reaching the thera-
peutic intensity of 1.5–2 mA, according to subject tol-
erance; prior to each increment, another blood sample 
was drawn. Sampling at maximum output was repeated 
after a period of chronic stimulation (10–14 months 
after implantation).

2.3 | Blood sampling, mRNA 
expression, and lipidomic analyses

Venous blood samples from the antecubital vein were col-
lected into anticoagulant- coated vacutainers (K3- EDTA) 
and processed for gene expression and lipidomic analysis 
as previously described.12

PPARα and SIRT1 gene expression was evaluated using 
specific primers (Bio- Rad) on a Rotorgene- Q System 
(Bio- Rad) using PowerUp SYBR Green qPCR master mix 
(Thermo Fisher Scientific) in duplicate reactions. TATA box 
binding protein (TBP) was used as housekeeping gene. Gene 
expression levels were evaluated by the 2−ΔΔCt method.

FA and eCBome- related molecules were analyzed by 
LC–MS/MS as previously described.13

2.4 | Statistical analysis

Data are expressed as percent of baseline (T0) considered 
100%. The values obtained from each subject prior to VNS 
device implantation were set as the T0 and considered 
100%. For the subsequent timepoints, each result has 
been normalized with respect to the corresponding T0.

Statistical analysis was conducted using GraphPad 
Prism 8.0.1 software (La Jolla, CA, USA). The ROUT 
method and Shapiro–Wilk normality test were employed 
to identify and remove any outliers and to assess the nor-
mal distribution of the data, respectively. As the data did 
not follow normal distribution, nonparametric Mann–
Whitney tests were performed to evaluate differences 
between each group and the T0. The statistical analysis 
performed in this study is univariate in nature, meaning 
it does not account for the influence of various covari-
ates, including factors such as diagnosis, the impact of 

antiseizure medications (ASM), age, sex, and seizure fre-
quency before the VNS placement.

Results are presented as mean ± SD, and a significance 
level of P ≤ 0.05 was used to determine statistical signifi-
cance among the groups.

3 |  RESULTS

3.1 | Blood FA and eCBome- related 
mediators' profiles

Main changes in FA profile in red blood cells are reported 
in Figure 1. No alterations were detected in the plasma FA 
profile. No significant differences were also found in the 
eCBome profile in both red blood cells and plasma.

Particularly, there was a gradual increase in FA docosa-
hexaenoic acid (DHA) concentration that reached signif-
icance after the stimulus was increased at 2 mA (2mA_1). 
Importantly, the significant increase was maintained after 
several months of 2 mA intensity (2mA_2) (Figure  1A). 
We also noticed a gradual increase in the concentration 
of the unusual FA conjugated linoleic acid (CLA), which 
reached significance at 2 mA. However, after 2 mA inten-
sity was maintained for several months, CLA levels dis-
played a trend toward decrease (Figure 1B).

As for the erythrocyte levels of total saturated FA (SFA), 
we observed a gradual decrease which was significant at 
0.25, 1.5, 1.75, and 2 mA (Figure 1C), with respect to base-
line. This decrease was mainly due to two SFA, that is, myris-
tic acid (MA, 14:0) and palmitic acid (PA, 16:0), whose levels 
were reduced at 1.5 and 2 mA, and at all timepoints with the 
only exception of 0.5 mA, respectively (Figure 1D,E).

3.2 | Gene expression analysis of genes  
involved in the regulation of energy  
metabolism

To verify our hypothesis that VNS treatment in subjects 
with DRE might contribute to reducing the seizures fre-
quency by inducing the activations of modulators of 
energy metabolism thus enhancing FA oxidation and ke-
togenesis, and since DHA and CLA are PPARα ligands,12 
we also evaluated mRNA relative expression levels of the 
PPARα and SIRT1 in leucocytes. We observed a gradual 
increase of PPARα gene expression which reached signifi-
cance when the stimulus was set at 2 mA (38% of increase 
with respect to baseline). Peculiarly, as for CLA, after 2 mA 
intensity was maintained for several months, PPARα rela-
tive levels displayed a trend toward decrease (Figure 2A). 
As for SIRT1 expression levels, we observed a gradual in-
crease which was significant at 1.25 mA (Figure 2B).
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4 |  DISCUSSION

VNS research focuses predominantly on its potential ben-
efits in mitigating refractory seizures and stabilizing mood 
and cognitive impairments common among subjects with 
DRE. However, comprehensive data regarding the mo-
lecular mechanism of action and reliable biomarkers in 
humans is scarce, hindering precise assessment of thera-
peutic efficacy.

Our previous study conducted in rat models demon-
strated that chronic VNS therapy modifies FA and 
eCBome- related lipid mediator levels, as well as Pparα 
hepatic abundance.6 We hypothesized that PPARα, a tran-
scription factor implicated in energy and lipid metabolism 
regulation,6 could attenuate epileptic seizure frequency 
by promoting FA oxidation and ketogenesis, mechanisms 
known to enhance neuronal function.10

In the current investigation, VNS neuromodulation at 
the highest intensity increased PPARα gene expression in 
leukocytes, and intriguingly, we documented a concomi-
tant gradual increase in erythrocyte DHA concentration. 
DHA biosynthesis necessitates a peroxisomal β- oxidation 
step sustained by PPARα,14 and we have also shown that 

increased PPARα gene expression was associated with 
DHA biosynthesis in humans.12 Interestingly, we noted a 
similar trend for CLA, yet the cause of this increase re-
mains uncertain. The two potential sources of CLA in 
humans are dietary, primarily dairy products, or endog-
enously via microbiota.15,16 The observed dose–response 
trend rules out the dietary source as a contributor and sug-
gests that VNS may stimulate CLA biosynthesis through 
microbiota modification.16 Moreover, as a PPARα ligand, 
CLA may stimulate PPARα activation, thereby fostering 
DHA formation. These three molecules may act coopera-
tively via a positive feedback loop.

Changes in the levels of the three molecules were sta-
tistically significant when VNS intensity reached 2 mA. 
However, unlike DHA, CLA and PPARα showed a trend 
toward a decrease when the 2 mA intensity was sustained 
over an extended period. This led us to postulate that 
chronic VNS activation of PPARα may result in an “adap-
tive response”, leading to a decrease in its levels, suggest-
ing that periodic adjustments in therapeutic intensity may 
be necessary to maintain elevated PPARα levels.

The progressive increase in PPARα relative expres-
sion, compared to baseline levels, coincided with the 

F I G U R E  1  Red blood cells levels, expressed as nmol%/total FA, of: (A) docosahexaenoic acid (DHA), (B) conjugated linoleic acid 
(CLA), (C) total saturated fatty acids (SFA), (D) myristic acid (MA, 14:0) and (E) palmitic acid (PA, 16:0), before VNS device implantation 
(T0), after acute VNS stimulus (Acute), and following gradual intensity increments (0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2 mA). 2 mA_1: the 
stimulus was maintained for 2–3 weeks; 2 mA_2: the stimulus was maintained for several months. Statistical significance between each 
group and T0 was assessed by nonparametric Mann–Whitney tests. Error bars represent SEM (n = 7) *P < 0.05; **P < 0.01.
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observed surge in SIRT1, a NAD- dependent deacetylase 
that modulates cellular energy metabolism by deacetylat-
ing transcription factors and cofactors involved in energy 
metabolism.9 The substantial SIRT1 level augmentation at 
1.25 mA, which preceded the significant PPARα level in-
crease at 2 mA, infers that SIRT1 might regulate lipid me-
tabolism via PPARα deacetylation. This unveils a potential 
mechanism by which SIRT1 and PPARα could synergis-
tically modulate energy metabolism, attenuating seizure 
frequency in individuals with DRE subjected to VNS.10

The VNS- induced SIRT1 increase could also preserve 
mitochondrial function and bestow neuroprotective ef-
fects through FA metabolism modulation.17 The con-
current activation of SIRT1 and PPARα might inhibit de 
novo lipogenesis, a process converting carbohydrates into 
lipids18 leading to a decrease in circulating levels of SFA. 
Indeed, our study detected a significant reduction in SFA 
levels, specifically MA and PA, in red blood cells post- VNS, 
suggesting a potential mechanism by which VNS impacts 
lipid metabolism and modulates FA profiles.

To investigate FA metabolism in humans, we often re-
sort to limited specimen sources, predominantly plasma 
and red blood cells. While plasma is sensitive to numerous 
variables such as dietary intake and fasting, and exhibits 
differential uptake based on varied pathophysiological 
conditions, red blood cell FA profiles can provide more 
stable long- term biomarkers for metabolic modifications, 
as evidenced in our VNS chronic treatment findings.

Our study has unveiled a novel potential mechanism 
for VNS treatment in subjects with DRE through energy 

metabolism modulation. Additionally, CLA and the ac-
tivation of PPARα may have antineuroinflammatory ef-
fects, as illustrated in the prevention of neurodegenerative 
disorders.19 We acknowledge that the limited number of 
participants in this study is a notable constraint. To sub-
stantiate our findings and to investigate the molecular dif-
ferences between individuals categorized as “responders” 
and “nonresponders,” it is imperative that future investi-
gations involve larger cohorts of individuals undergoing 
DRE. Nonetheless, our findings have illuminated previ-
ously obscure mechanisms within the enigmatic “VNS 
black box”, providing a roadmap for future research in the 
identification of promising candidates for innovative mo-
lecular treatments for DRE.
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F I G U R E  2  Leucocytes mRNA expression levels of key regulators in energy and lipid metabolism: (A) peroxisome proliferator- activated 
receptor α (PPARα) and (B) sirtuin1 (SIRT1), before VNS device implantation (T0), after acute VNS stimulus (Acute), and following gradual 
intensity increments (0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2 mA). 2 mA_1: the stimulus was maintained for 2–3 weeks; 2 mA_2: the stimulus was 
maintained for several months. Statistical significance between each group and T0 was assessed by nonparametric Mann–Whitney tests. 
Error bars represent SEM (n = 7) *P < 0.05.
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