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Abstract
Post-acute sequelae of COVID-19 can present as multi-organ pathology, with neuropsychiatric symptoms being the most 
common symptom complex, characterizing long COVID as a syndrome with a significant disease burden for affected indi-
viduals. Several typical symptoms of long COVID, such as fatigue, depressive symptoms and cognitive impairment, are 
also key features of other psychiatric disorders such as myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS) 
and major depressive disorder (MDD). However, clinically successful treatment strategies are still lacking and are often 
inspired by treatment options for diseases with similar clinical presentations, such as ME/CFS. Acetylcarnitine, the shortest 
metabolite of a class of fatty acid metabolites called acylcarnitines and one of the most abundant blood metabolites in humans 
can be used as a dietary/nutritional supplement with proven clinical efficacy in the treatment of MDD, ME/CFS and other 
neuropsychiatric disorders. Basic research in recent decades has established acylcarnitines in general, and acetylcarnitine 
in particular, as important regulators and indicators of mitochondrial function and other physiological processes such as 
neuroinflammation and energy production pathways. In this review, we will compare the clinical basis of neuropsychiatric 
long COVID with other fatigue-associated diseases. We will also review common molecular disease mechanisms associated 
with altered acetylcarnitine metabolism and the potential of acetylcarnitine to interfere with these as a therapeutic agent. 
Finally, we will review the current evidence for acetylcarnitine as a supplement in the treatment of fatigue-associated diseases 
and propose future research strategies to investigate the potential of acetylcarnitine as a treatment option for long COVID.
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TCA   Tricarboxylic acid
HO-1  Heme oxygenase 1
PUFAs  Polyunsaturated fatty acids
CACT   Carnitine-acylcarnitine translocase
MRI  Magnetic resonance imaging
[18F]FDG-PET/CT  [18F]Fluorodeoxyglucose positron 

emission tomography/computed 
tomography

Introduction

Coronavirus disease 2019 (COVID-19) is associated with 
neuropsychiatric symptoms both during the acute SARS-
CoV-2 infection as well as within weeks to months after 
recovery from the acute disease episode, termed post-acute 
sequelae of SARS-CoV-2 infection (PASC) [23]. PASC that 
persist for more than 4 weeks after the acute infection are 
termed “long COVID” [12, 26, 31], with varying incidences 
between 10 and 70% of infected COVID-19 patients devel-
oping long COVID symptoms, depending on the study popu-
lation examined, e.g., non-hospitalized, hospitalized or vac-
cinated patients, etc. [31]. Long COVID is a multi-system 
disease affecting heart, lungs, gastrointestinal tract, kidneys, 
spleen and the liver, as reviewed in detail elsewhere [6, 26, 
31]. However, neuropsychiatric symptoms developing on the 
basis of direct brain tissue pathology or underlying vascu-
lar dysfunction are considered to be a major and the most 
common feature of long COVID [4, 7, 31, 37, 65, 88, 113], 
with potentially devastating consequences for affected indi-
viduals. In particular, fatigue with post-exertional malaise, 
cognitive impairment characterized by deficits in executive 
functions, concentration and memory and depressed mood 
[88] are the main features of neuropsychiatric long COVID 
syndrome [31], with fatigue being the most common and 
debilitating [99].

It is interesting to note that other post-acute infection syn-
dromes (PAIS) and some neuropsychiatric diseases such as 
myalgic encephalomyelitis/chronic fatigue syndrome (ME/
CFS), depression (especially the atypical/immunometa-
bolic subtype (IMD) [86]) and others also have fatigue as a 
leading clinical symptom, which may serve as a model for 
investigating the mechanisms of fatigue and drawing conclu-
sions regarding therapeutic options in long COVID. Indeed, 
most treatment options for long COVID, which focus on 
modulating neuroinflammation, vascular defects and energy 
metabolism alterations due to mitochondrial dysfunction, 
have been inspired by treatment approaches for PAIS and 
ME/CFS [31].

Acetylcarnitine belongs to a class of fatty acid metabo-
lites called acylcarnitines, which are produced by the conju-
gation of fatty acids with l-carnitine, a physiological process 
essential for the transport of fatty acids into mitochondria 

for β-oxidation and ATP production [3, 29]. Interestingly, 
evidence from metabolomic studies has shown associa-
tions between abnormal acylcarnitine and acetylcarnitine 
levels in several of the aforementioned fatigue-associated 
neuropsychiatric diseases, as reviewed elsewhere [29]. 
Short-chain acylcarnitines, i.e., acylcarnitines with two to 
five carbon atoms, are the most abundant acylcarnitines in 
human plasma, with acetylcarnitine being the major acylcar-
nitine [29]. Consequently, acetylcarnitine supplementation 
has been shown to improve fatigue, depressive symptoms 
and cognitive dysfunction for example, by modulating mito-
chondrial metabolism and neuroinflammation in the afore-
mentioned diseases [29]. Furthermore, acetylcarnitine sup-
plementation has recently been proposed for the treatment 
of neuropsychiatric long COVID symptoms [115].

The aims of this review are (1) to provide an overview of 
the clinical and biological overlap between neuropsychiatric 
long COVID and other fatigue-associated neuropsychiatric 
disorders, (2) to examine the shared molecular mechanisms 
of fatigue and depressive symptoms involving acetylcarni-
tine metabolism, and finally (3) to review the current evi-
dence on acetylcarnitine supplementation studies as a treat-
ment for fatigue-associated syndromes and pharmacological 
aspects of acetylcarnitine supplementation to provide a con-
ceptual foundation for acetylcarnitine supplementation in 
neuropsychiatric long COVID syndrome.

Main part

Similarities in clinical presentation of long COVID 
and post‑acute infection syndromes as well as major 
depressive disorder with atypical features

Already in 2020 the first long COVID patients approached 
medical professionals from different disciplines [68]. At 
that time, physicians were often reluctant to diagnose this 
multifaceted clinical syndrome as long COVID because 
routine diagnostics of blood samples or imaging in sur-
vivors of mild acute COVID-19 rarely yielded any patho-
logical results [120]. However, the diagnosis and treatment 
of patients with long COVID to date has made it very clear 
that the majority of patients experience a multi-system 
syndrome characterized by fatigue with post-exertional 
malaise, cognitive deficits, depressed mood, stress-related 
head and joint pain, insomnia and vegetative dysfunction 
[99]. So far, there is an alarming number of long COVID 
patients who do not recover after several months and even 
a subgroup with worsening symptoms over time [36, 126]. 
However, long COVID is only one of several post-acute 
infection syndromes (PAIS) that have been reported, not 
only after previous coronavirus epidemics (e.g., SARS-
CoV-1 and MERS-CoV) but also after other systemic 
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viral, bacterial and parasitic infections, as reviewed in 
[23]. According to their review, the clinical characteris-
tics of other PAIS appear almost indistinguishable from 
long COVID as described above, including exertion intol-
erance, fatigue, neurocognitive and sensory impairment, 
sleep disturbances, joint and muscle pain, and non-specific 
symptoms that are often present but of variable severity.

Many of these PAIS patients, as well as PASC patients, 
even meet the criteria for ME/CFS after months of incom-
plete recovery, as has been impressively demonstrated in 
large registry studies after infections with H1N1/09 influ-
enza A virus and varicella zoster virus [78, 139]. The signifi-
cant clinical overlap between ME/CFS and PASC has very 
recently been reviewed here [82], with the hypothesis that 
both entities may be caused by a chronic state of multisys-
temic disequilibrium, including endocrinological, immuno-
logical, and/or metabolic changes.

ME/CFS is a frequent syndrome affecting 0.9% of the 
population [71]. It is diagnosed according to the Canadian 
consensus criteria, at least 6 months after onset when the 
following symptoms are present: fatigue, post-exertional 
malaise with a recovery period of at least 24 h, sleep dys-
function, pain, at least two neurological/neurocognitive 
symptoms and at least two symptoms involving the auto-
nomic, neuroendocrine or immune system [19]. The under-
lying pathophysiology is mostly unresolved, with immuno-
logical factors often, but not exclusively, occurring after an 
initial infection with a distinct or gradual onset. Other puta-
tive origins investigated in large, population-based datasets 
include chronic autoimmune syndromes such as inflamma-
tory bowel disease and psoriasis [136, 137], and even after 
thermal injury, especially in extensive injuries and on sun-
exposed body parts [138].

To understand the biological overlap and therefore pos-
sible therapeutic targets for PAIS such as PASC, it is also 
interesting to note similar clinical features in a typical major 
depressive disorder, (MDD) also known as immunometa-
bolic depression [86]. This syndrome is characterized by 
clinical symptoms of sickness behavior such as leaden 
paralysis of the limbs, hypersomnia, and hyperphagia/weight 
gain, while mood reactivity is unimpaired, i.e., mood bright-
ens in response to positive events (according to DSM-5 cri-
teria for MDD with atypical features), while still suffering 
from lack of concentration and higher levels of exhaustibility 
as in melancholic MDD [99]. Van Hoof et al. even reviewed 
clinical observations of behavioral, affective and cognitive 
features already 20 years ago and hypothesized that atypi-
cal depression is a secondary symptom in chronic fatigue 
syndrome [140].

Considering the clinical overlap of these multisystemic 
clinical syndromes, we will now proceed to summarize 
aspects of common biomarkers and pathological mecha-
nisms underlying these shared symptoms.

Shared pathomechanisms of neuropsychiatric 
syndromes with fatigue as a leading symptom 
(PASC, PAIS, ME/CFS, IMD)

Alterations of brain structure and connectivity

PASC is currently being investigated by neuroimaging 
experts all over the world. To date, structural imaging stud-
ies have reported inconsistent results, probably depending 
on the age of the participants, the severity of acute COVID-
19 and the symptom burden at the time of scanning. The 
most consistent results so far are grey matter alterations in 
the basal ganglia, areas of the limbic system such as the 
anterior cingulate cortex, hippocampus, insula, etc., and pre-
frontal areas like the orbitofrontal cortex, sometimes even 
more pronounced in association with self-reported fatigue 
or neurocognitive impairment [12, 35, 49]. A recent longi-
tudinal imaging study showed a reduction of thalamus and 
basal ganglia volumes as well as aberrant diffusion mark-
ers in post-COVID patients, which correlated with fatigue 
scores [50]. Regarding functional connectivity, several 
exploratory studies have confirmed a pattern of increased 
and/or decreased connectivity in frontotemporal networks 
associated with subjective cognitive impairment and olfac-
tory dysfunction [98, 148, 152]. As demonstrated by  [18F]
FDG-PET/CT  ([18F]Fluorodeoxyglucose positron emission 
tomography/computed tomography), patients suffering from 
long COVID also showed brain glucose hypometabolism in 
the right parahippocampal gyrus and thalamus, while spe-
cific hypometabolic area(s) characterized patients with per-
sistent anosmia/ageusia, fatigue, and vascular uptake [119]. 
The brainstem, which has been implicated to be affected in 
PASC, explaining the broad spectrum of symptoms, particu-
larly pain and autonomic symptoms [156], has been found 
to show glucose hypometabolism in patients (among other 
regions) [47, 53, 89]. Although technically challenging, this 
should be further investigated, especially in light of the neu-
roimaging findings in ME/CFS, described in the following 
paragraphs.

While there is no evidence of common structural or 
functional brain alterations in PAIS, probably due to its 
heterogeneous origin and lack of conceptualization, ME/
CFS has been extensively studied with MRI (magnetic reso-
nance imaging), as recently reviewed by Nelson et al. [94]. 
Although the findings are not always consistent, changes in 
the brainstem have been very common, especially structural 
changes, mainly a decrease in grey or white matter volume 
in patients, often pronounced in relation to the symptom 
burden of fatigue, pain and autonomic symptoms. One diffu-
sion-tensor imaging study even showed decreased diffusivity 
in the brainstem and basal ganglia area in ME/CFS patients 
[129]. In addition, altered functional connectivity has also 
been reported in the brainstem, basal ganglia and related 
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areas such as the limbic system [123]. Neuroinflammation, 
vascular dysfunction, and cellular dysfunction regarding 
astrocytes and neurons have been discussed as underlying 
mechanisms contributing to these structural and functional 
alterations [94]. Furthermore, ME/CFS patients showed 
glucose hypometabolism in the brainstem as well as in the 
right mediofrontal cortex, similar to findings in long COVID 
patients [130].

Neuroinflammation

Neuroinflammation is increasingly recognized as a key fac-
tor interacting with neurobiological correlates of the neu-
ropsychiatric long COVID syndrome, such as brain seroto-
nin depletion [111], hypothalamic–pituitary–adrenal (HPA) 
axis dysregulation [57], and impaired hippocampal neuro-
genesis and plasticity [13, 61].

The central nervous system (CNS) relies on a complex 
and intricate network of molecular and cellular interactions 
to maintain proper function and homeostasis. The initial 
SARS-CoV-2 viral infection triggers an immune response 
that may persist in some individuals even after the virus 
has been cleared, leading to ongoing hyper-inflammation. 
There is increasing evidence that neuroinflammation is an 
important component of ME/CFS [34] and probably also 
of long COVID [127]. Commonly suggested biomedical 
hypotheses to explain PAIS (such as in long COVID/PASC, 
ME/CFS) are chronic stimulation of the immune system by 
a persistent infection or persistent unviable pathogen struc-
tures; immune activation with targeting self-antigens, either 
due to infection-triggered impairment of regulatory T-cell 
function, molecular mimicry, dysregulation of the micro-
biota–gut–brain axis, as well as permanent organ damage 
[104]. The immune response to SARS-CoV-2 in the res-
piratory tract has been shown to induce neuroinflammation, 
which subsequently leads to an acute inflammatory response 
and immune cell trafficking in the brain, and induces reac-
tive states of resident microglia and other immune cells in 
the brain and brain borders [44, 51, 154]. These processes 
may exist in combination and at different intensities in dif-
ferent patient subgroups. However, neuroinflammation and 
the consequent dysregulation of neural homeostasis and 
plasticity is likely to be a more common mechanistic prin-
ciple, occurring even after mild COVID-19 disease [141]. Of 
note, neuroinflammation has furthermore been implicated in 
the pathophysiology of depression [87], whereas increased 
inflammatory markers, such as C-reactive protein (CRP) 
or interleukin-2 (IL-2), have been specifically described to 
be more associated with the atypical subtype of depression 
[69].

Perturbations in mitochondrial dynamics can affect 
many cellular and molecular pathways, particularly 
during inflammation [15] (for reviews, see [33, 116]). 

Inflammation stimulates the production of reactive oxygen 
species (ROS), which can further damage mitochondria 
and impair their function [103]. In addition, inflammation 
can alter the expression of genes involved in mitochon-
drial function, leading to changes in energy metabolism. 
Associations between mitochondrial genetic variation, 
activation of the immune system, and its effects on neuro-
genesis and neurotransmission have led some authors to 
suggest that mitochondrial dysfunction initiates a chain of 
molecular events leading to key symptoms of neuropsychi-
atric long COVID, such as depressive mood and cognitive 
impairment [39, 100, 135].

Of note, there are at least five other mechanisms besides 
secondary neuroinflammation by which COVID can affect 
the CNS (direct viral invasion of neural tissue, autoim-
munity, reactivation of herpesviruses, neurovascular dys-
function, the sequelae of hypoxic, and other metabolic dis-
turbances), which may occur exclusively or in combination 
in some individuals with varying frequency and timing 
(for review, see [88]).

Preclinical studies suggest that acetylcarnitine attenu-
ates oxidative stress and neuroinflammation [2, 112]. 
Mechanisms that could potentially link acetylcarnitine 
to inflammatory pathways and synaptic activity include 
changes in monoaminergic and glutamatergic transmis-
sion. Such changes are commonly observed in neuropsy-
chiatric disorders (for a review of these changes, see 
[153]). In brief, indoleamine 2,3-dioxygenase (IDO) activ-
ity is increased during inflammation, leading to increased 
conversion of tryptophan to kynurenine, reducing sub-
strate availability for serotonin synthesis. Kynurenine is 
predominantly metabolized to the N-methyl-d-aspartate 
(NMDA) receptor agonist quinolinic acid (QUIN) in the 
inflammatory state, contributing to the accumulation of 
glutamate in the extracellular space, leading to changes in 
network connectivity associated with depression, fatigue 
and cognitive impairment. Acetylcarnitine, on the other 
hand, affects the epigenetic regulation of metabotropic 
glutamate type 2 receptors (mGluR2), negatively modu-
lating neurotransmitter release and producing rapid and 
long-lasting antidepressant effects (demonstrated by forced 
swim tests, sucrose preference tests) in Flinders Sensitive 
Line rats and in mice exposed to chronic unpredictable 
stress, which model genetic and environmentally induced 
depression, respectively [92]. Using nuclear magnetic res-
onance (NMR) spectroscopy, Smeland and colleagues also 
demonstrated increased levels of norepinephrine and sero-
tonin in the cortex of healthy mice, after 25 days of treat-
ment with acetylcarnitine at a daily dose of approximately 
0.5 g/kg body weight [117]. In addition, a non-enzymatic 
product of the prostaglandin D2 synthase gene (PGD2S), 
whose expression is upregulated by acetylcarnitine treat-
ment with 100 mg/kg body weight [134], has been shown 
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to have anti-inflammatory properties that may help protect 
the brain from ischemia–reperfusion injury [72].

Taken together, these findings suggest that acetylcarnitine 
supplementation may attenuate the inflammatory damage 
that contributes to neuropsychiatric long COVID syndrome.

Systemic metabolic alterations and their relationship 
to neuropsychiatric symptomatology

PAIS, including long COVID, as well as CFS and IMD, 
share the characteristic of systemic metabolic disturbances, 
which may be a sign of underlying multi-organ inflamma-
tion and exhaustion [31], and consequently may contribute 
to neuropsychiatric symptomatology, as many metabolites 
can cross the blood–brain barrier (BBB) [30, 58] (e.g., short 
chain fatty acids (SCFAs) derived from the gut microbiota 
such as acetate [40], amino acids such as tryptophan [52] 
and also carnitine/acetylcarnitine can cross the BBB via 
transporters [59]). A large number of studies have inves-
tigated peripheral metabolomic changes in the aforemen-
tioned conditions, with considerable overlap between PAIS, 
CFS, and immunometabolic depression: As reviewed by 
Komaroff et al., the systemic metabolomic changes in ME/
CFS patients are characterized by (1) an impairment in the 
production of ATP from all energy substrates, (2) a gen-
eral “hypometabolic state” and (3) an imbalance between 
pro- and antioxidant metabolites favouring pro-oxidant pro-
cesses [43, 62]. This metabolic dysregulation is defined by 
systemically reduced levels of metabolites such as amino 
acids and fatty acids, leading to reduced TCA cycle activity 
and oxidative phosphorylation, which may ultimately be a 
major contributor to neuropsychiatric symptoms associated 
with reduced energy, such as fatigue and other cognitive 
impairments [43, 62]. Interestingly, such signs of mitochon-
drial dysfunction have also been described in MDD and long 
COVID: de Boer et al. found that during exercise, patients 
with long COVID showed decreased rates of fatty acid oxi-
dation [32], consistent with other reports [48] that describe 
a general metabolic profile of impaired mitochondrial fatty 
acid and lipid catabolism in general, as well as a decrease in 
several amino acids that can fuel mitochondrial TCA cycle 
activity. These findings have also been described for MDD, 
e.g., in a large meta-analysis by Bot and Milaneschi et al., 
which found an association between depression risk and 
different lipid classes [14] and in several other studies, as 
reviewed in detail by Guerreiro Costa et al. [74]. In addition 
to these general metabolic changes linking impaired energy 
production to fatigue as a common symptom between long 
COVID, ME/CFS and MDD, common differences in spe-
cific metabolites may also be of importance. Tryptophan 
(Trp) metabolism, and consequently Trp-derived metabolite 
pathways such as the kynurenine and serotonin pathways, 
have long been known to be central to the pathophysiology 

of MDD—lower blood concentrations of Trp have been 
described in several studies of MDD patients, and alterations 
in tryptophan and kynurenine levels have also been associ-
ated with symptomatology and treatment [24, 74]. In addi-
tion, the ratio of neuroprotective to neurotoxic kynurenine 
metabolites differs between healthy controls and ME/CFS 
patients [46], accompanied and probably often preceded by a 
general decrease in tryptophan [25, 74]. The direct relation-
ship between tryptophan levels and depressive symptoms 
and fatigue has been demonstrated by Trp depletion experi-
ments, as reviewed elsewhere [76], and is also of interest 
in the context of long-term COVID, as recent studies have 
shown a significant decrease in plasma Trp levels in PASC 
patients [48], and alterations in kynurenine pathway metabo-
lites have been associated with cognitive impairment in long 
COVID patients [27], as well as with anxiety and depressive 
symptoms in COVID-19 survivors 6 months post-infection 
[66]. In addition to the aforementioned remodelling of the 
metabolome in fatigue-associated diseases, including long 
COVID, acylcarnitines have emerged as important modula-
tors of CNS function [29]: In both mice and humans, differ-
ent classes of acylcarnitines have been found to be altered in 
either mouse models of depression or humans with MDD, 
with associations to symptom severity and also treatment 
response, as reviewed by Liu et  al. [73]. In particular, 
short-chain acylcarnitines, such as acetylcarnitine, which 
are thought to rather support neuronal function [29], were 
decreased in the plasma of MDD patients, and more harm-
ful medium- and long-chain acylcarnitines were increased 
in several studies [73]. Interestingly, similar patterns have 
also been observed in ME/CFS [91] and long Covid patients 
[48]. Guntur et al. found that in a small cohort of PASC 
patients, increases in medium- and long-chain acylcarniti-
nes were among the most pronounced changes in a plasma 
metabolomic experiment between healthy controls and 
patients with PASC [48]. However, short-chain acylcarni-
tines were not altered in this study, which may be explained 
by the relatively small patient cohort (29 PASC patients, 
30 healthy controls) [48]. In contrast to this result, another 
recent study by Kovarik et al. found a significant decrease 
in C3-carnitine in patients with long COVID, although the 
cohort sizes in this study were also relatively small (13 
healthy controls and 13 patients with long COVID) [63]. 
Therefore, we obtained the data from the—to our knowl-
edge—largest plasma metabolomics study conducted to date 
in long COVID patients by Su et al. [124] (Table S2 from 
Su et al., sheet “S2.2 Metabolomics”, age-, sex- and BMI-
adjusted z-score-transformed plasma metabolite concentra-
tions) and re-analysed the plasma metabolomics data for 
acetylcarnitine to investigate differences in acetylcarnitine 
levels between healthy controls and patients with PASC (≥ 1 
PASC symptom according to the clinical information avail-
able from Table S1, sheet “S1.3 PASC data” of Su et al.). 



 European Archives of Psychiatry and Clinical Neuroscience

Indeed, we observed a decrease in plasma acetylcarnitine 
levels in PASC patients (Fig. 1), which is consistent with 
previously reported decreases in acetylcarnitine in other 
fatigue-associated conditions and supports our hypothesis 
that acetylcarnitine supplementation may be beneficial in the 
treatment of long COVID-associated neuropsychiatric symp-
toms. Taken together, metabolomic studies of long COVID, 
ME/CFS, and MDD show considerable similarities in the 
overall metabolic profiles associated with a disruption of 
energy production and an imbalance of potentially neuro-
protective and detrimental metabolites, i.e., a deficiency of 
neuroprotective metabolites such as acetylcarnitine.

Mitochondrial dysfunction in post‑infectious fatigue

The SARS-CoV-2 virus primarily damages lung cells, thus 
affecting the respiratory system and causing acute respiratory 
distress, resulting in low blood and tissue oxygen levels. The 
pathways associated with hypoxia and dysregulated immune 
system have been identified as strong drivers of neurologi-
cal complications of post-acute sequelae of SARS-CoV-2 
infection (evidence from the post-mortem brain studies 
and observational studies) [97]. Global hypoxia affects the 
electron transport chain, fatty acid beta-oxidation and other 

metabolic pathways essential for mitochondrial energy produc-
tion. Reduced ATP production and impaired mitochondrial 
function were observed not only in the lungs, but also in the 
heart and other tissues. In addition, COVID-19’s effects on 
the cardiovascular system reduce the availability of oxygen 
and nutrients throughout the body, depleting energy stores 
and causing energy deficency. Inefficient metabolism has been 
shown to lead to the accumulation of metabolic intermedi-
ates that can interfere with mitochondrial function and impair 
the ability to produce ATP. Several metabolic intermediates, 
such as long-chain acylcarnitines can cause oxidative stress at 
high levels and high levels of ROS can then cause damage to 
cells and tissues, leading to a further decline in performance. 
Overall, the biochemical mechanisms of COVID-19-induced 
tissue damage are complex and involve a range of metabolism-
disturbing processes, including inflammation, hypoxia, energy 
deficiency, and accumulation of metabolic intermediates [45]. 
Accordingly, tissue damage of varying severity results in long 
recovery times after the acute phase of COVID-19 infection.

COVID-19 has now been classified as an endemic dis-
ease, but the consequences of COVID-19 infection manifest 
as long-term multiorgan dysfunction. Most attention is being 
paid to critical perturbations of the cardiovascular system, 
where the underlying mechanisms of post-COVID-19 cardio-
vascular dysfunction are associated with cardiac mitochon-
drial dysfunction [21]. Another syndrome is post-COVID-19 
sarcopenia, characterized by loss of muscle mass and func-
tion [102], leading to exercise intolerance [8, 32]. The hyper-
inflammatory response caused by SARS-CoV-2 induces the 
process of immunosenescence, increases endothelial cell dam-
age, and leads to myofibrillar degradation and muscle wasting 
(sarcopenia) due to mitochondrial dysfunction and autophagy 
[102]. Persistent viral infection and inflammation may cause 
sleep disturbances observed 3 months after COVID-19, which 
may also be associated with mitochondrial dysfunction [128]. 
Several studies suggest that inflammation may contribute to 
depression by affecting the function of neuronal mitochondria 
in the brain [20]. Improving mitochondrial function has been 
shown to accelerate the resolution of post-COVID-19 symp-
toms [42, 125]. Overall, mitochondrial dysfunction may play a 
role in post-COVID-19 syndrome, and more research is needed 
to fully understand the underlying mechanisms and develop 
effective treatments, which is why we will elaborate further on 
acetylcarnitine metabolism in vivo and as a supplement.

Acetylcarnitine metabolism in the context 
of post‑infectious and/or inflammation‑associated 
neuropsychiatric diseases

Biosynthesis and regulation of acetylcarnitine

In the cell, acetylcarnitine is produced by conjugation 
of the acetyl group of acetyl-CoA with l-carnitine. The 
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Fig. 1  Metabolomic data from Su et al. [124] were retrieved from the 
provided Supplementary Data Set S2 (sheet “S2.2 Metabolomics”), 
as well as clinical data on PASC (post-acute sequelae of SARS-
CoV-2 infection) symptoms (Table  S1) from the INCOV cohort. 
Subsequently, z-score transformed metabolite concentrations for ace-
tylcarnitine (C2) were extracted for healthy controls (n = 178) and all 
INCOV patients with ≥ 1 PASC symptom (n = 68), representing the 
PASC cohort. Shown are z-score transformed metabolite concentra-
tions at T3, a time point 2–3  months after initial infection. p value 
represents the exact p value from a two-tailed Mann–Whitney test as 
the z-score transformed data were not normally distributed, calculated 
using GraphPad Prism 8.4.3. Violin plots show the median (bold 
black line) and quartiles (faint black lines)
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reaction is catalyzed by the carnitine acetyltransferase 
(CrAT, EC:2.3.1.7), which is present in many cell compart-
ments, including the cytosol, the matrix or mitochondria 
and peroxisomes, as well as the endoplasmic reticulum and 
nucleus [5, 83, 106]. Carnitine for this reaction can be bio-
synthesized or obtained from dietary sources and further 
transported via the organic cation novel type 2 transporter 
(OCTN2) [75, 107, 122]. CrAT belongs to the family of 
carnitine acyltransferases, which ensures the transfer of dif-
ferent chain acyl groups to carnitine (Fig. 2). All acyltrans-
ferases carry out the bidirectional transfer of acyl groups 
between CoA and carnitine. CrAT is mainly capable of syn-
thesizing short-chain acylcarnitines with up to five carbons 
in the acyl group. A less efficient reaction is possible for 
longer acyl groups with fatty acid chains of up to ten carbon 
atoms in length [144]. Peroxisomes metabolize a variety of 
fatty acids, acting as a chain-shortening β-oxidation system 
that produces large amounts of acetyl-CoA. As CrAT is 
present in the peroxisomes, peroxisomal CrAT converts a 
substantial amount of acetyl-CoA to acetylcarnitine [149]. 
In the cytosol, the reverse activity of CrAT could gener-
ate acetyl-CoA that is provided for a variety of biochemical 
reactions, such as the biosynthesis of malonyl-CoA, acetyl-
choline, and fatty acids [5].

In functional mitochondria, the supply of energy sub-
strates is coupled with oxidative phosphorylation, which 
ensures a complete metabolic pathway for the generation 
of ATP. Thus, it can be estimated that only a small part 
of acetylcarnitine leaves the mitochondria and most of the 
available acetylcarnitine pool is generated in peroxisomes 
as a result of fatty acid breakdown. Unlike mitochondria, 
peroxisomes cannot further metabolize acetylcarnitine and 
therefore peroxisomes are a major source of acyl groups in 
the form of acetate and acetylcarnitine. In the bloodstream, 

acetylcarnitine concentrations are different in fed and fasted 
states, and accordingly acetylcarnitine availability is related 
to fatty acid load and metabolic rate, which is much higher in 
the fasted state. Furthermore, given that glucose and lactate 
metabolism in mitochondria is fairly complete, these energy 
substrates do not contribute to the available acetylcarnitine 
pool.

CrAT can perform reactions in both directions, therefore 
its activity depends on the acetyl-CoA/free CoA ratio and 
the availability of carnitine. For example, in mitochondria, 
when the rate of acetyl group production exceeds the capac-
ity of the Krebs cycle, CrAT activity is shifted to the produc-
tion of acetylcarnitine to prevent depletion of the free CoA 
pool [151]. Such overproduction is observed during inten-
sive physical exercise in muscle tissue and during ischemia 
in the heart [121]. The limited availability of free CoA leads 
to the arrest of the beta-oxidation process and to the accumu-
lation of harmful long-chain acyl–CoA and acylcarnitines in 
the mitochondria. Therefore, the CrAT mechanism, which 
ensures a shift towards the production of acetylcarnitine, is 
considered beneficial.

Shifting CrAT activity towards the production of acetyl-
carnitine may rescue beta-oxidation by increasing free CoA, 
but it only partially solves problems of energy deficiency 
because the acetyl groups do not enter the Krebs cycle for 
energy production, but rather escape from the mitochon-
dria in the form of acetylcarnitine. The only benefit may be 
the possibility of pyruvate decarboxylation by the pyruvate 
dehydrogenase complex (PDC) [96], which produces the 
equimolar amount of NADH. However, this process may 
be limited as PDC activity is significantly reduced in the 
presence of excess acetyl groups. In addition, CrAT activity 
is shifted towards the production of acetylcarnitine, lead-
ing to a depletion of the intramitochondrial free carnitine 

Fig. 2  Synthesis and metabo-
lism of acetylcarnitine. This 
figure is reproduced in part in 
a modified form under a CC 
BY-NC Attribution 4.0 Interna-
tional license from Dambrova 
et al. [29]
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pool. Carnitine is required for the transport of long-chain 
acylcarnitines into the mitochondrial matrix, otherwise they 
accumulate in the mitochondrial intermembrane space and 
induce detrimental effects on both mitochondrial respira-
tion and pyruvate metabolism. Accordingly, acute carnitine 
deficiency induced by excessive conversion of free carni-
tine to acetylcarnitine could lead to detrimental changes in 
mitochondrial functionality during ischemia and intensive 
exercise.

Acetylcarnitine levels under physiological and pathological 
conditions

Several studies have shown that long-term use of acetylcar-
nitine reduces symptoms of chronic fatigue and improves 
the general condition in patients with chronic fatigue syn-
drome (Table 1, [79, 81, 142]). Similarly, acetylcarnitine 
therapy has been shown to improve the general condition 
in the post-COVID-19 period (Table 1) [115]. However, 
studies that have measured acetylcarnitine levels in patients 
with chronic fatigue syndrome or in the post-COVID-19 

Table 1  Blood acetylcarnitine concentrations in healthy and diseased subjects

Conditions Acetylcarnitine in blood, µmol/L Comments References

Healthy 5.5 ± 2.1 Females and males [105]
6.2 ± 0.6 Males [95]
5.7 ± 0.7 Females [95]
6.6 ± 2.3 Females and males [133]

COVID-19 COVID-19: 7.4 (5.4–11.1) No difference between groups [55]
Non-COVID-19: 6.6 (5.0–9.8) COVID-19 versus healthy

COVID-19 Normalized data No difference between groups [48]
healthy versus COVID-19 moderate versus 

COVID-19 mild
Chronic fatigue syndrome (CFS) CFS: 5.5 ± 1.6 No difference between groups [118]

Control: 5.8 ± 2.7
Myalgic encephalomyelitis/chronic 

fatigue syndrome (ME/CFS)
Male ME/CFS: 4.0 ± 1.8 No difference between groups [22]
Male control: 3.9 ± 1.2
Female ME/CFS: 4.2 ± 1.9
Female control: 3.9 ± 1.2

Chronic fatigue syndrome (CFS) Before supplementation Acetylcarnitine had main effect on mental fatigue [142]
5.0 ± 1.6 (non responder)
5.0 ± 1.1 (responder)
Supplementation with acetylcarnitine Dosage: 2 g/day, 24 weeks
5.50 ± 1.3 (non responder)
6.5 ± 1.7 (responder)

Post-COVID syndrome Acetylcarnitine was not measured The combination of exercise and acetylcarnitine 
is an effective treatment in the management of 
post-COVID syndrome

[115]

Dosage: 0.5 g/day, 4 weeks
Elderly patients with fatigue Acetylcarnitine was not measured Acetylcarnitine reduced both physical and mental 

fatigue in the elderly and improved cognitive 
status and physical function

[79]

Dosage: 2 g twice a day for 180 days
Fatigue in hepatic encephalopathy (HE) Acetylcarnitine was not measured Patients with HE treated with acetylcarnitine 

showed a decrease in the severity of both mental 
and physical fatigue and an increase in physical 
activity

[81]

Dosage: 2 g twice a day for 90 days
Heart failure (HF) HF: 10.28 ± 3.5 Acetylcarnitine increased in HF patients [157]

Control: 8.05 ± 3.2 Control: patients without HF but with other clini-
cal diseases, with high risk of developing HF

Sepsis Survival: 5.08 (3.37–8.8) Acetylcarnitine increased in patients who did not 
survive

[38]
Non-survival: 11.1 (8.2–21.9)
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period have found no differences in blood acetylcarnitine 
levels compared with healthy subjects [22, 48, 55, 118]. On 
the other hand, some studies have shown that acetylcarni-
tine concentrations are significantly increased in patients 
with heart failure and in non-surviving patients after sepsis 
(Table 1) [38, 157].

Acetylcarnitine supplementation: 
pharmacodynamics, pharmacokinetics, and clinical 
efficacy in neuropsychiatric diseases

Acetylcarnitine uptake from exogenous sources (e.g., food)

The oral bioavailability of acetylcarnitine, similar to that 
of carnitine, is relatively low, with some studies reporting 
absorption rates as low as 5–10% of approximately 2000 mg, 
which is considered a saturating dose [107, 108]. The rela-
tive bioavailability of higher doses has been reported to 
be even lower [108]. Moreover, acetylcarnitine is rapidly 
metabolized in the gut by microbiota to trimethylamine, 
which is further metabolized in the liver to trimethylamine 
N-oxide, a biomarker of cardiometabolic risk [28]. A con-
siderable amount of research has been dedicated to the 
various disorders associated with disturbed carnitine and 
acetylcarnitine homeostasis, but the pharmacokinetics of 
acetylcarnitine have mostly been studied in healthy subjects 
and very few studies report carnitine pharmacokinetics in 
patient groups, most of which are dedicated to studies in 
hemodialysis patients [108].

Like other acylcarnitines, acetylcarnitine serves as a 
transport form for acyl groups, allowing them to cross dif-
ferent membranes with the assistance of various transport-
ers (Fig. 3). OCTN2 (SLC22A5, Organic Cation Trans-
porter Novel 2) is not only known as a main transporter of 
carnitine but also recognized as an efficient transporter of 
acetylcarnitine [155]. OCTN2 is localized on various cell 
membranes and can transport acetylcarnitine into cells as 
well as ensure acetylcarnitine uptake from the gut and across 
the blood–brain barrier (BBB) [59]. OCTN2 is differentially 
expressed in various tissues and plays a major role in regu-
lating carnitine levels within these tissues. OCTN2 is pri-
marily expressed in tissues with high energy demands such 
as heart, skeletal muscle, liver and kidney. In these tissues, 
OCTN2 regulates the uptake of carnitine and acetylcarni-
tine from the blood. OCTN2 is expressed at lower levels in 
the brain compared to other tissues, therefore the amount 
of acetylcarnitine transported into the brain would be less 
active than in other cells [16, 54, 67]. OCTN2 activity can be 
modulated in response to various physiological and patho-
logical conditions such as exercise, fasting, and metabolic 
disorders. In addition to OCTN2, organic cation transporter 
1 (OCT1, SLC22A1) can also promote the hepatic efflux of 
acetylcarnitine and contribute to the plasma acetylcarnitine 

pool [60]. Another transporter, CACT (carnitine-acylcarni-
tine translocase) is located in the inner mitochondrial mem-
brane and contributes to the exchange of acylcarnitine and 
longer acylcarnitines for carnitine to ensure acetylcarnitine 
transfer across the inner mitochondrial membrane [90].

Acetylcarnitine metabolism

From a biochemical perspective, acetylcarnitine is an acces-
sible form of the acetyl group that can be taken up from food 
and transported unchanged to the mitochondrial matrix for 
energy production via the tricarboxylic acid (TCA) cycle. 
Prior to metabolism in the mitochondria, the acetyl group is 
transferred to coenzyme A (CoA) to form acetyl-CoA, which 
enters the TCA cycle to generate ATP through oxidative 
phosphorylation. In comparison to other substrates of energy 
metabolism, acetylcarnitine can be considered as one of the 
fastest, as it does not require extensive metabolic changes 
such as glycolysis of fatty acid beta-oxidation, which are 
complex processes involving many enzymes. Comparing 
the oxygen required for the oxidation of different substrates 
to generate ATP, the oxygen efficiency of glucose is gener-
ally considered to be more favourable than that of acetyl-
CoA, which is more similar to fatty acids. Thus, under con-
ditions of limited oxygen availability, glucose would be a 
preferred substrate. Overall, acetylcarnitine can improve 
mitochondrial energy status if supplied to tissues in suffi-
cient quantities.

Fig. 3  Intracellular effects of acetylcarnitine supplementation
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When acetylcarnitine is injected directly into the brain, 
most of the acetyl groups were metabolized, as 60% of the 
injected acetylcarnitine was recovered as exhaled 14CO2 after 
22 h, and the percentage recovered in the brain was 1.9, 1.6, 
1.3, and 0.9% at 1, 3, 6, and 22 h, respectively [109]. Some 
of the acetylcarnitine was incorporated into saturated fatty 
acids (about 60% of the radioactivity present in the tissues), 
but it was also found in monounsaturated fatty acids and 
PUFAs (polyunsaturated fatty acids). The highest level of 
acetylcarnitine incorporation into brain lipids is observed 1 h 
after injection and then gradually decreases, suggesting that 
the metabolic capacity to utilize the acute increase in acetyl 
groups may be limited and that the excess of acetyl groups 
is then rapidly incorporated into lipids. In addition, unme-
tabolized acetyl groups in the brain may be incorporated 
into various neurotransmitters [114, 150], but it would be an 
exaggeration to suggest that the availability of acetyl groups 
has a direct impact on neurotransmitter release at synapses. 
In the study by Ricciolini and colleagues, labelled [U-14C]
glucose was not incorporated into PUFAs, unlike [1-14C]-
acetylcarnitine [109], indicating that the formation of acetyl 
groups from pyruvate in mitochondria ensures complete 
metabolism. It is proposed that the beneficial effects of ace-
tylcarnitine include the supply of activated acyl groups for 
the acylation of membrane phospholipids.

Other mechanisms of acetylcarnitine action

Acetylcarnitine has been suggested to protect against oxida-
tive stress through the induction of antioxidant genes and an 
increase in HO-1 (heme oxygenase 1) expression in vitro and 
in vivo [17, 18]. However, it is widely accepted that HO-1 
is a heat shock protein that is controlled by inflammatory 
or pro-oxidant states and is induced in various pathologies 
in response to oxidative stress [1]. In a study in rats, it was 
demonstrated that aged rats have significantly upregulated 
protein expression of HO-1 and acetylcarnitine treatment 
induces further upregulation of HO-1 expression. It has been 
suggested that the nuclear factor erythroid 2-related factor 2 
(Nrf2) pathway is involved in the induction of HO-1 expres-
sion by acetylcarnitine [18]. The Nrf2 pathway is typically 
induced in response to oxidative stress, inflammation, and 
other cellular stressors [77]. When activated, the Nrf2 path-
way upregulates the expression of a wide range of genes that 
help to protect cells against various stressors such as reac-
tive oxygen species (ROS), electrophiles, and xenobiotics. In 
addition to its role in cellular defense, the Nrf2 pathway has 
been implicated in numerous physiological and pathophysi-
ological processes, including aging, neurodegeneration, can-
cer, and metabolic disorders [77]. Overall, it is not entirely 
clear what stress-activation mechanisms might be induced 
by acetylcarnitine to activate Nrf2 pathway and related 
gene expression. In many in vitro studies, acetylcarnitine 

concentrations exceed physiological levels by up to 1000-
fold [18, 101, 145, 146]. Therefore, acetylcarnitine activities 
observed in vitro do not always represent pharmacological 
effects that could be achieved by acetylcarnitine supplemen-
tation in humans.

Clinical efficacy of acetylcarnitine supplementation 
in neuropsychiatric diseases

Acetylcarnitine supplementation has been shown to reduce 
the levels of fatigue-associated with several medical condi-
tions, including aging [79], cancer [84], and chronic hepa-
titis [80]. There is increasing evidence that acetylcarnitine 
supplementation may also be effective in neuropsychiatric 
conditions. For example, acetylcarnitine supplementation 
improved mental fatigue in an open-label, randomized trial 
in patients with ME/CFS [142].

Multiple sclerosis (MS) is a neuroinflammatory disease. 
In addition to neurological symptoms, fatigue is reported by 
most patients with MS and is associated with a poor quality 
of life [56]. A randomized cross-over trial in thirty-six MS 
patients with fatigue showed that 3 months of acetylcarni-
tine supplementation had a more favourable effect on fatigue 
severity than amantadine supplementation [131]. However, 
1 month of acetylcarnitine supplementation showed only a 
trend-level improvement in the impact of fatigue on daily 
life in a placebo-controlled, randomised trial in sixty people 
with relapsing–remitting MS [70].

MDD is another common neuropsychiatric disease asso-
ciated with fatigue and cognitive dysfunction. A substantial 
number of patients do not respond adequately to traditional 
agents [9], and the non-response rate is estimated to be 
higher in the immuno-metabolic phenotype [147]. Consist-
ent findings indicate the benefit of acetylcarnitine treatment 
in general and senile MDD patients [10, 11, 41]. In their 
meta-analysis combining the results of twelve randomized 
controlled trials, Veronese and colleagues reported a sig-
nificant decrease in depression severity after acetylcarnitine 
supplementation as monotherapy compared with placebo 
intake or no intervention [143]. The incidence of adverse 
effects with acetylcarnitine supplementation was comparable 
to that with placebo and lower than with antidepressants, in 
line with a previous meta-analysis [85]. Furthermore, the 
acetylcarnitine supplementation has been reported to be as 
effective as antidepressants in meta-analyses [64, 143]. To 
the authors’ knowledge, there are no published results on the 
effectiveness of acetylcarnitine supplementation in immuno-
metabolic depression.

There is preliminary evidence in the literature for the ben-
efit of acetylcarnitine in the treatment of long COVID syn-
drome. A recent observational case–control study reported 
improvements in the quality of life, depressive complaints, 
and pain scores after 1 month of combined physical exercise 
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and acetylcarnitine supplementation compared with physi-
cal exercise alone [115]. A recent study of patients with 
long COVID syndrome reported a decrease in fatigue and an 
increase in subjective energy levels after 2 weeks of taking a 
supplement containing 150 mg of acetylcarnitine [93]. These 
findings suggest that acetylcarnitine supplementation is a 
promising potential treatment for long COVID syndrome. 
However, to the authors’ knowledge, there are no ongo-
ing, withdrawn or completed clinical trials investigating 
the potential benefits of acetylcarnitine supplementation in 
people with long COVID syndrome. It is imperative that 
future studies are conducted to assess the effect of acetyl-
carnitine supplementation on the symptoms associated with 
long COVID syndrome.

Conclusion

In conclusion, we have shown in this manuscript, that neu-
ropsychiatric long COVID syndrome shares considerable 
symptomatic and multi-level biological overlap with other 
PAIS [23, 62]. Hence, at least a partial overlap in the under-
lying pathophysiology and thus potential treatment strategies 
can be assumed for long COVID, PAIS and ME/CFS. In 
addition to several classical drugs, a large number of dietary 
interventions and dietary/nutritional supplements, such as 
amino acids, probiotics, and plant-based extracts, have been 
tested or proposed for the treatment of long COVID, due to 
the usually good accessibility, affordability, safety, and easy 
application of the respective dietary/nutritional supplements 
[132].

Acetylcarnitine, which, as we have described, plays an 
important role in mitochondrial energy metabolism, is an 
FDA-approved dietary supplement that has been studied for 
the treatment of fatigue in aging, cancer, chronic hepatitis, 
ME/CFS, MS, and MDD. Treatment with acetylcarnitine 
alone or as a part of a combined dietary intervention has 
resulted in reduced levels of fatigue, decreased depression, 
improved cognitive status, and/or improved physical func-
tion in these disorders.

Interestingly, recent pilot studies have reported prelimi-
nary evidence of potential benefits of acetylcarnitine sup-
plementation alone or as part of a combined dietary inter-
vention in the treatment of long COVID-associated fatigue, 
energy metabolism alterations and immune changes [93, 
110]. However, there is still no clear evidence if and how 
acetylcarnitine supplementation alone can improve neu-
ropsychiatric symptoms of long COVID. Given the clini-
cal success of acetylcarnitine supplementation in other 
fatigue-associated diseases and the small number of cur-
rently available treatments for long COVID, we believe that 
acetylcarnitine may also be a potentially effective dietary 

supplement for neuropsychiatric long COVID syndrome and 
call for further action to investigate this hypothesis in further 
clinical trials.
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