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Critical Review

Carnitine in Alcohol Use Disorders: A Scoping Review

A. Brianne Bota, John Graydon Simmons, Alicia DiBattista, and Kumanan Wilson

Recent studies in alcohol use disorders (AUDs) have demonstrated some connections between carnitine
metabolism and the pathophysiology of the disease. In this scoping review, we aimed to collate and
examine existing research available on carnitine metabolism and AUDs and develop hypotheses sur-
rounding the role carnitine may play in AUD. A scoping review method was used to search electronic
databases in September 2019. The database search terms used included “alcohol, alcoholism, alcohol
abuse, alcohol consumption, alcohol drinking patterns, alcohol-induced disorders, alcoholic intoxication,
alcohol-related disorders, binge drinking, Wernicke encephalopathy, acylcarnitine, acetyl-I-carnitine,
acetylcarnitine, carnitine and palmitoylcarnitine.” The inclusion criteria included English language,
human-based, AUD diagnosis and measured blood or tissue carnitine or used carnitine as a treatment.
Of 586 studies that were identified and screened, 65 underwent abstract review, and 41 were fully
reviewed. Eighteen studies were ultimately included for analysis. Data were summarized in an electronic
data extraction form. We found that there is limited literature available. Alcohol use appears to impact
carnitine metabolism, most clearly in the setting of alcoholic cirrhosis. Six studies found carnitine to be
increased in AUD, of which 5 were conducted in patients with alcoholic cirrhosis. Only 3 placebo-con-
trolled trials were identified and provide some support for the use of carnitine in AUD to decrease crav-
ings, anhedonia, and withdrawal and improve cognition. The increase in plasma carnitine in alcoholic
cirrhosis may be related to disordered fatty acid metabolism and oxidative stress that occurs in AUD.
The multiple possible therapeutic effects carnitine could have on ethanol metabolism and the early evi-
dence available for carnitine supplementation as a treatment for AUD provide a foundation for future
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randomized control trials of carnitine for treating AUD.
Key Words: Alcohol Use Disorder, Carnitine, Scoping Review.

LCOHOL REMAINS A high cause of morbidity and

mortality with 132.6 million disability-adjusted life
years lost (DALYs) and 3 million deaths estimated world-
wide in 2016 (Global Status Report on Alcohol and Health,
2018, 2019). A significant proportion of these alcohol-related
harms are sustained by persons living with an alcohol use dis-
order (AUD). As defined by the DSM-5, an AUD is a prob-
lematic pattern of alcohol use leading to clinically significant
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impairment or distress (American Psychiatric Association,
2013).The estimated point prevalence of AUDs worldwide in
2016 in people aged 15 and over was 5.1% (over 283 million
people; Global Status Report on Alcohol and Health, 2018,
2019).

Prior to the mid-20th century, there were limited targeted
options for the treatment of alcohol use disorders. Since the
discovery of disulfiram in 1948, there have been numerous
developments in the conceptual frameworks underlying
addiction to alcohol and pharmacologic strategies for
managing alcohol use disorders (Nutt et al., 2015; Zindel and
Kranzler, 2014). After the establishment of the dopamine
positive reinforcement theory of addiction in the 1970s, mul-
tiple nondopaminergic systems have been proposed to play a
role in alcohol addiction such as the endogenous opioid posi-
tive reinforcement and corticotropin-releasing hormone neg-
ative reinforcement theories (Herz, 1997; Koob, 2011; Nutt
et al., 2015). There are currently 3 approved pharmocother-
apy treatments available for AUD: disulfiram, acamprosate,
and naltrexone (Reus et al., 2018). Disulfiram inhibits alde-
hyde dehydrogenase, preventing the breakdown of acetalde-
hyde and resulting in an adverse reaction if alcohol is
consumed. (Skinner et al., 2014) Acamprosate modulates
neural transmission from GABA and NMDA receptors to
reduce withdrawal symptoms, (Kalk and Lingford-Hughes,
2014) whereas naltrexone, an opioid receptor antagonist,
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interferes with the reward pathway activated in AUD.
Acamprosate and naltrexone are the preferred pharma-
cotherapies for AUD (Jonas et al., 2014; Reus et al., 2018)
although are contraindicated in the presence of severe renal
impairment and severe liver impairment, respectively, both
of which can be complications of AUD (Reus et al., 2018).
Other pharmacologic targets under research cover a wide
range of mechanisms of action including dopamine, GABA,
glutamate, opioid, and serotonin pathways (Shen, 2018; Zin-
del and Kranzler, 2014). Ultimately, current guidelines rec-
ommend the wuse of both pharmacologic and
nonpharmacological options (including psychotherapy and/
or community-based peer support) in the management of
AUDs (Reus et al., 2018).

Despite the above-mentioned progress, there remain calls
to continue developing new medications to treat AUDs due
to the modest efficacy of the options available (Allenby and
Falcone, 2017; Jones et al., 2015; Nutt et al., 2015; Shen,
2018; Zindel and Kranzler, 2014). Recent developments in
the study of carnitine as a therapeutic agent raises possible
new connections with the pathophysiology of AUD. Since
the year 2000, multiple studies and subsequent systematic
reviews have pointed to the potential therapeutic applica-
tions of carnitine for diseases impacting cognition including
dementia and hepatic encephalopathy (Hudson and Tabet,
2003; Marti-Carvajal et al., 2019). Additionally, investiga-
tions into the pathophysiology of alcohol-mediated fatty
liver disease have found an association between plasma defi-
ciencies in carnitine and chronic alcohol consumption
(Kepka et al., 2013, 2019).

Carnitine

A role for carnitine in energy metabolism has long been
established. Carnitine is responsible for the movement of
long-chain fatty acids (FAs) into the mitochondria for B-oxi-
dation through the action of carnitine palmitoyltransferase-1
(CPT1) (Longo et al., 2016). It also plays an essential role in
trafficking and scavenging of acyl groups within the cell. For
example, in the peroxisome where very-long-chain FAs are
preferentially metabolized, carnitine shuttles the fatty acyl
end products of beta oxidation between the peroxisome and
the mitochondria (Steiber et al., 2004). As a scavenger, car-
nitine binds acyl-CoA residues and intermediaries of protein
and FA metabolism, which can then be excreted or circulated
to another part of the body. This decreases the availability of
free fatty acyls, reducing the incidence of lipid peroxidation.
The carnitine bound acyl-CoA residues within the mitochon-
dria modulate intracellular concentrations of free CoA and
are thought to play a key role in maintaining the acyl-CoA/
CoA ratio, an important regulator of energy metabolism
(Brass, 2003; Longo et al., 2016; Steiber et al., 2004).

Carnitine has also been found to decrease markers of
oxidative stress (Calabrese et al., 2001; Lee et al., 2014; Sener
et al., 2004), scavenge free radicals (Ribas et al., 2014), bind
organic acids for removal, chelate cytosolic iron (Giilgin,

667

2006), and increase antioxidant enzyme activity (Calabrese
et al., 2001; Giilgin, 2006; Lee et al., 2014). Finally, carnitine
has been shown to support the role of glutathione in oxida-
tive stress by increasing GSH reductase and arginase activi-
ties (Scapagnini et al., 2002). All of these functions of
carnitine are critical in AUDs, where inflammation and
oxidative stress are high and excess acetyl-CoA is produced
from ethanol (EtOH) metabolism.

EtOH Metabolism

The metabolism of EtOH has a profound impact on nor-
mal oxidative metabolism and can lead to hepatic lipid accu-
mulation. The oxidative metabolism of EtOH by alcohol
dehydrogenase (ADH) and cytochrome P450 2E1 (CYP2EI)
leads to the rapid accumulation of NADH, changing the
NAD'/NADH ratio, effectively downregulating FA oxida-
tion and leading to a metabolic shift favoring FA synthesis
(Donohue Jr., 2007). Acetaldehyde produced by ADH is fur-
ther metabolized to acetate by acetaldehyde dehydrogenase.
Acetyl-CoA is formed from acetate; however, since oxidative
metabolism is inhibited, the excess acetyl-CoA is converted
to FA-CoA, adding to lipid accumulation. EtOH also acti-
vates sterol regulatory binding protein-1C (SREBP-1C), a
transcription factor which regulates lipogenic gene expres-
sion in the liver, further contributing to lipid accumulation
(Osna et al., 2017).

In addition to the profound shift in lipid metabolism,
EtOH metabolism by CYP2E1 produces high amounts of
reactive oxygen species (ROS) which is an important mecha-
nism in oxidative stress-induced liver injury in AUD (Ceder-
baum, 2012; Osna et al., 2017).

Carnitine in AUD

Evidence in rodent models suggests that carnitine supple-
mentation may mitigate the deleterious effects of EtOH
metabolism. Carnitine supplementation has been shown to
decrease triacylglycerol (TAG) synthesis and hepatic lipid
accumulation that normally occur in EtOH treated rodents
(Bykov and Belkovets, 2004; Bykov et al., 2003; Murad
et al., 1977; Sachan and Rhew, 1983; Sachan et al., 1984). It
has also been shown to decrease EtOH-induced inflamma-
tion (Bykov et al., 2003) and protect against oxidative dam-
age in the liver, serum and brain (Arafa and Sayed-Ahmed,
2003; Augustyniak and Skrzydlewska, 2009, 2010; Best and
Laposata, 2003; Bykov et al., 2003; Dobrzynska et al., 2010;
Haorah et al., 2013). Co-administration of either carnitine or
acetyl-carnitine with EtOH decreases fatty acid ethyl ester
synthesis (Calabrese and Rizza, 1999; Calabrese et al., 2001),
an esterification product of EtOH and FAs that has been
implicated in the organ damage induced by chronic alcohol
use (Doyle et al., 1994; Laposata and Lange, 1986).

The cognitive deficits and neuropathy that can occur with
AUD are thought to be a result of mitochondrial dysfunc-
tion in the brain. The accumulation of acetaldehyde in the
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brain has been proposed to contribute to the development of
alcohol dependence (Deng and Deitrich, 2008). Early studies
by Murad and colleagues (1977) demonstrated that carnitine
supplementation in EtOH treated rats decreased EtOH
intake and withdrawal symptoms and proposed that car-
nitine deficiency may play a role in developing alcohol physi-
cal dependence (Murad et al., 1977). Carnitine has been
shown to support normal mitochondrial function, and
decreases oxidative stress in the brain of EtOH-treated
rodents (Haorah et al., 2009, 2013). Carnitine also supports
acetylcholine formation, by donating an acetyl group and
has been found to be neuroprotective in Alzheimer’s disease
and aging (Pettegrew et al., 1995).

Considering the evidence available in rodent models of
addiction and the continuing need for effective treatments
for AUD, this research topic lends particularly well to a
scoping review. A scoping review is meant to broadly map
the existing research on a particular topic. One limitation of
a scoping review is there is no critique of the quality of stud-
ies included (Peterson et al., 2017). Therefore, we conducted
a scoping review to consolidate the existing evidence sur-
rounding AUDs and carnitine metabolism in humans. The
objectives of this review are to (i) propose biologically plausi-
ble explanation(s) of how carnitine metabolism could con-
tribute to the development and/or maintenance of an AUD
and (ii) identify limitations and gaps in the literature avail-
able surrounding carnitine metabolism defects and AUDs as
a basis for future study.

MATERIALS AND METHODS

This scoping review was conducted according to the 5 stage
methodology described by Khalil and colleagues (2016). In Octo-
ber 2019, we searched the following databases: Ovid MED-
LINE, Embase + Embase Classic, PsycINFO, and EBM
Reviews—Cochrane Central Register of Controlled Trials and
Web of Science. The protocol and search strategy are available
in supplementary materials. The database search terms used
included “alcohol, alcoholism, alcohol abuse, alcohol consumption,
alcohol  drinking patterns, alcohol-induced disorders, alcoholic
intoxication, alcohol-related disorders, binge drinking, wernicke
encephalopathy, acylcarnitine, acetyl-I-carnitine, —acetylcarnitine,
carnitine and palmitoylcarnitine.” Inclusion criteria included Eng-
lish language, primary medical and biochemical research litera-
ture, and studies conducted in humans which measured blood
and/or tissue carnitine levels and/or provided carnitine treat-
ment. Exclusion criteria included studies evaluating other sub-
stance use disorders, carnitine and mood disorders, non-English
studies, studies conducted in cell lines or rodent studies and con-
ference abstracts.

Phase 1 and 2 review of titles and abstracts were conducted by
JGS and ABB. Paper review and data extraction were conducted by
ABB, JGS, and AB. Data extraction was conducted using an elec-
tronic data extraction form. Stage 3 (Back Searching): Analysis of
the reference lists of all articles for consideration for inclusion (JGS,
ABB).

Our database search identified 586 studies. Of these, 65 under-
went abstract screening. Twenty-five abstracts were removed for the
following reasons: nonhuman (16), non-English (6), and not pri-
mary research (2) and not alcohol-related (1). 40 articles underwent
full review.
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RESULTS
Search Strategy

From the original search, 40 articles underwent full review.
We excluded 23 papers for the following reasons: no alcohol-
specific data (6), duplicate (3), not primary research (1), no
paper available (4), and non-English (1). We also identified 2
clinical trials; however, no data were available at the time of
review. Six (6) studies used primary human cell culture to
evaluate the effects of EtOH and carnitine on metabolism
and cellular function in primary human brain (3), lung (1),
erythrocytes (1) cell culture and ex vivo liver samples (1) and
were excluded from the final analysis. Back searching identi-
fied 1 additional study (Fig. 1).

Study Characteristics

Of the 18 relevant studies identified, 9 were conducted
among patients in an AUD program either in hospital
(Fuller and Hoppel, 1988; Glass et al., 1989; Harper et al.,
1993; Kepka et al., ,2013, 2016, 2019; Martinotti et al., ,2010,
2011; Tempesta et al., 1990) or as outpatients (Martinotti

Identification of
publications
through database
review
y
Phase |
Title review (n=586)
Exclusions (n=521)
Duplicate
R Review
Not carnitine or alcohol related
Animal
X Non-English
Phase Il
Abstract review
(n=65)
Exclusions (n=25)
Non-human (16)
> Non-English (6)
Not primary research (2)
v Not alcohol related (1)
Phase lll
Full t(ix=t4roe)wew Exclusions (n=23)
No alcohol specific data (n=6)
Primary cell culture (n=6)
R No paper available (n=4)
d Duplicate (n=3)
Unpublished clinical trials (n=2)
i Not primary research (n=1)
Non-English (n=1)
Phase IV

Studies selected for
analysis (n=18)

Studies identified from reference
review (n=1)

15 studies evaluating <
plasma, urine or tissue
carnitine in AUD

3 randomize control trials

Fig. 1. Flowchart of literature review.
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et al., ,2010, 2011; Tempesta et al., 1990). In 3 studies,
patients were in hospital due to liver disease (Ascha et al.,
2016; Rudman et al., 1977; Suzuki, 2016) and 1 study
recruited patients from a hepatological outpatient clinic
(Krahenbiihl and Reichen, 1997). One study was conducted
in patients in hospital; however, it was not clearly stated
whether they were admitted for AUD or alcoholic liver dis-
ease (Fuller and Hoppel, 1983). Four studies did not provide
details in this regard (Alonso De La Pena et al., 1990; Amo-
dio et al., 1990; Cooper et al., 1987; de Sousa et al., 1988).
The majority of studies were conducted in Europe (n =9)
(Alonso De La Pena et al., 1990; Amodio et al., 1990; Harper
et al., 1993; Kepka et al., ,2013, 2016, 2019; Krahenbiihl and
Reichen, 1997; Martinotti et al., ,2010, 2011; Tempesta et al.,
1990), with 4 in the United States (Ascha et al., 2016; Fuller
and Hoppel, 1983, 1988; Rudman et al., 1977), 3 from the
United Kingdom (Cooper et al., 1987; Glass et al., 1989; de
Sousa et al., 1988), and 1 from Asia (Suzuki, 2016).

Of the 18 relevant papers, we identified 15 studies which
measured carnitine levels (Table S1). Of these 15 studies, 14
measured plasma or serum carnitine, and a subset measured
tissue carnitine including liver carnitine (n = 3), urinary car-
nitine (n = 5), and muscle carnitine (z = 2). Three (3) studies
were placebo-controlled supplement trials; however, none of
these studies measured plasma or tissue carnitine levels
(Table S3).

Of the studies 14 studies which evaluated plasma, tissue or
urinary carnitine levels, 9 of these studies were in patients
with evidence of liver disease (Alonso De La Pena et al.,
1990; Amodio et al., 1990; Ascha et al., 2016; Cooper et al.,
1987; Fuller and Hoppel, 1983, 1988; Krahenbuhl and
Reichen, 1997; Rudman et al., 1977; Suzuki, 2016) of which
all but one (Cooper et al., 1987) was conducted in patients
with alcoholic cirrhosis.

Plasma Carnitine in AUD

Table S1 presents the studies which evaluated tissue and
plasma carnitine in AUDs. Six (Alonso De La Pena et al.,
1990; Cooper et al., 1987; Fuller and Hoppel, 1983, 1988;
Glass et al., 1989; Krahenbiihl and Reichen, 1997) studies
demonstrated higher plasma carnitine levels compared to
control values, although one of these was not statistically sig-
nificant (Cooper et al., 1987); 3 were not significantly differ-
ent (Alonso De La Pena et al., 1990; Amodio et al., 1990;
Harper et al., 1993; de Sousa et al., 1988); and 3 found levels
to be reduced (Ascha et al., 2016; Kepka et al., 2013; Rud-
man et al., 1977). One study did not have a control group
(Suzuki, 2016). Details on the analytics of carnitine analysis
and additional study data can be found in Table S2.

De la Pena et al. assessed plasma carnitine levels in a large
cohort of patients with AUDs with varying degrees of liver
disease. They found the highest levels of carnitine in cirrhotic
patients, which is consistent with others (Fuller and Hoppel,
1983, 1988). However, they also found evidence of hypocar-
nitinemia which occurred predominantly in noncirrhotic
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patients with hepatitis (Alonso De La Pena et al., 1990).
Cooper et al. reported plasma carnitine in patients with
AUD and varying degrees of hepatic injury to be higher than
controls. However, this was not significant due to large vari-
ability in the alcoholic cirrhotic population (Cooper et al.,
1987). We did not categorize the study by Amodio et al. as
evidence that patients with alcohol use had elevated plasma
carnitine levels despite its report that total, esterified, short
chain and acetylcarnitine were physiologically higher in cir-
rhotic patients. Notably, the statistical comparisons in this
paper were only done with cirrhotic patients with AUDs and
not with the control population (Amodio et al., 1990).

Several factors may contribute to higher levels of carnitine
in patients with AUDs. Of the 6 studies which found plasma
carnitine to be increased (Alonso De La Pena et al., 1990;
Cooper et al., 1987; Fuller and Hoppel, 1983, 1988; Glass
et al., 1989; Krahenbiihl and Reichen, 1997), 5 were con-
ducted in patients with alcoholic cirrhosis (Alonso De La
Pena et al., 1990; Cooper et al., 1987; Fuller and Hoppel,
1983, 1988; Krahenbiihl and Reichen, 1997), 1 did not report
on the presence of liver disease (Glass et al., 1989), and 1
study reported evidence of hepatic disease which ranged
from mild fatty liver to decompensated cirrhosis with
encephalopathy and ascites (Cooper et al., 1987).

Of the 3 studies which saw no difference in plasma car-
nitine in patients with AUDs compared to the control popu-
lation, patients had no evidence of cirrhosis (Alonso De La
Pena et al., 1990; Harper et al., 1993; de Sousa et al., 1988)
with varying degrees of alcoholic steatosis and hepatitis
(Alonso De La Pena et al., 1990; de Sousa et al., 1988). De la
Pena et al. only saw carnitine values similar to the control in
populations in groups with less severe hepatic disease (slight
hepatomegaly with intermittent hepatic synthetic dysfunc-
tion and/or liver enzyme elevations). However, as noted
above, plasma carnitine was increased in their study’s
patients with alcohol-related steatosis, hepatitis, and cirrho-
sis (Alonso De La Pena et al., 1990). Suzuki et al. did not
have a control population, and although they concluded the
observed values in the alcoholic cirrhosis population were
within the normal range based on literature, the mean car-
nitine values were similar to the hypercarnitinemia observed
in alcoholic cirrhosis in other studies (Suzuki, 2016).

Three studies found plasma carnitine levels to be decreased
compared to their control population. However due to vary-
ing study designs, this made them challenging to compare. In
1 of the studies which reported lower plasma carnitine levels
in AUD, the level of liver disease was not specified (Kepka
et al., 2013). Ascha et al. reported lower carnitine levels in
alcoholic cirrhosis patients; however, this was only evident in
the octanoylcarnitine species and the control group was a
patient population with acute decompensated cirrhosis (56).
Rudman et al. reported reduced serum carnitine in alcoholic
cirrhotic patients compared to controls. This patient popula-
tion was hospitalized with advanced alcoholic cirrhosis and
had evidence of anorexia and malnutrition (Rudman et al.,
1977).
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The majority of studies measured total, free and acylcar-
nitine levels, except for Ascha et al. which used mass spec-
trometry to quantify specific acylcarnitine species (Ascha
et al., 2016). Most studies found that all carnitine pools fol-
lowed the same trend. In the studies that found carnitine to
be increased, total carnitine was not changed in 2 studies
(Amodio et al., 1990; Krahenbiihl and Reichen, 1997) and 1
study reported no change in acylcarnitines but an increase in
total and free carnitines (Glass et al., 1989). Acetylcarnitine
pools were evaluated in 2 studies of alcoholic cirrhotic
patients and were not found to be different to the control
group (Amodio et al., 1990; Ascha et al., 2016).

The duration of alcohol dependence and dose of alcohol
may also play a role in carnitine levels; however, this was
only reviewed in 1 study. Kepka and colleagues (2019) found
that free carnitine was higher in patients who consumed lar-
ger doses of alcohol (275 to 700 g) compared to lower doses
(75 to 125 g); however, total carnitine was lower with a
longer duration of alcohol use (20 to 30 years vs. 2 to
7 years) (Kepka et al., 2019).

Urinary Carnitine in AUD

Urinary carnitine was measured in patients with AUDs in
5 studies (Fuller and Hoppel, 1983; Kepka et al., 2016;
Krahenbiihl and Reichen, 1997; Rudman et al., 1977; de
Sousa et al., 1988). Two studies found urinary carnitine
excretion to be higher in patients with AUDs (Fuller and
Hoppel, 1983; Ke¢pka et al., 2016), 2 found no difference
compared to control values (Krahenbiihl and Reichen, 1997,
de Sousa et al., 1988), and 1 study in patients with advanced
alcoholic cirrhosis in the presence of anorexia found urinary
carnitine to be decreased compared to controls (Rudman
et al., 1977). Notably, in 1 of the 2 studies that found urinary
excretion of carnitine to be increased, this difference was not
significant due to considerable variability (Fuller and Hop-
pel, 1983).

Tissue Carnitine

Liver carnitine was evaluated in 3 studies, with varying
results (Harper et al., 1993; Rudman et al., 1977; de Sousa
et al., 1988). Two of these studies showed no difference in
plasma carnitine levels, with some evidence of liver disease.
De Sousa et al. found no difference in plasma total, free or
acylcarnitine levels between control and patients with AUD
(with no evidence of cirrhosis); however, total and free car-
nitines were decreased in the liver (de Sousa et al., 1988).
Harper et al. found no difference in liver carnitine com-
pared to control; however, liver carnitine significantly
increased after 9 to 11 days of abstinence (Harper et al.,
1993). In contrast, Rudman et al. evaluated postmortem
liver carnitine levels in 6 patients with alcoholic cirrhosis
who had been enrolled in the earlier phase of the study
measuring serum carnitine but died due to a complication
of their liver disease compared to 8 noncirrhotic controls
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who had died due to an acute illness of 1 to 3 days. Post-
mortem hepatic carnitine was reduced compared to controls
(Rudman et al., 1977).

Muscle carnitine was evaluated in 2 studies (Rudman
et al., 1977; de Sousa et al., 1988). De Sousa et al. found
skeletal muscle total and free carnitine to be increased in
patients with AUD, with normal plasma and urinary car-
nitine and decreased liver carnitine. The authors suggested
the high muscle carnitine was due to type 1 fiber enrichment
since type 2 fiber atrophy was evident (de Sousa et al., 1988).
Rudman et al. also evaluated postmortem muscle, brain,
heart, and kidney carnitine in their study’s patients who died
of alcoholic cirrhosis complications, all of which were
decreased compared to the control population (Rudman
etal., 1977).

Temporal Changes in Carnitine

Four studies evaluated changes in plasma and/or urinary
carnitine before (or in the early stages of) and after a period
of abstinence (Fuller and Hoppel, 1988; Harper et al., 1993;
Kepka et al., 2016). Two studies observed no change (Fuller
and Hoppel, 1988; Harper et al., 1993) and 1 study found
carnitine decreased over time (Ke¢pka et al., 2016). Fuller and
Hoppel found no significant change in plasma carnitine after
3 weeks of sobriety in a subset of AUD patients without cir-
rhosis (Fuller and Hoppel, 1988). Harper and colleagues
(1993) evaluated carnitine after 9 to 11 days of sobriety and
also found no change in plasma levels. However, hepatic car-
nitine increased along with liver lipid density and patients
had improved markers of synthetic liver function. In a study
conducted by Kepka et al, total and free urinary carnitine
decreased after 30 and 49 days of sobriety to levels similar to
the control population (K¢pka et al., 2016).

Carnitine Supplementation Studies

Three placebo-controlled trials evaluated the effects of
acetyl-L-carnitine (ALC) supplementation on anhedonia
(Martinotti et al., 2011), alcohol cravings (Martinotti et al.,
2010), memory and cognitive deficits (Tempesta et al., 1990)
in AUD and are summarized in Table S3. ALC was effective
in improving cognition (Tempesta et al., 1990), anhedonia
(Martinotti et al., 2011), and reduced incidence of relapse
and cravings (Martinotti et al., 2010) in AUD. Interestingly,
the studies by Martinotti et al. found the greatest effect of
ALC in the first 10 days of treatment, which was given by
IV. The lack of effect for the remaining oral treatment period
may have been due to lack of adherence to the study protocol
as a total of 17 participants were considered noncompliant
or related to small sample size. These trials had considerable
loss to follow-up and drop-out rates which the authors sug-
gested may have been related to the anhedonic patient popu-
lation (Martinotti et al., 2010, 2011). In all 3 studies, ALC
was also found to be safe and well tolerated which has been
shown in other clinical trials for dementia, depression, and
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pain disorders (Evans et al., 2008; Sima et al., 2005; Veronese
etal., 2018).

DISCUSSION

The purpose of this review was to provide an overview of
the existing evidence surrounding the association between
AUD and carnitine metabolism. We identified 15 studies
which measured blood and/or urine or tissue carnitine levels
in alcoholics as well as 3 placebo-controlled trials. Although
there was variability across studies, it appears that AUD has
an effect on body carnitine, and carnitine supplementation
may support treatment.

Plasma and Tissue Carnitine are Altered in AUD

The main finding of this review is that AUDs alter plasma
and tissue carnitine levels, particularly in the presence of
alcoholic cirrhosis. Currently, the changes in plasma car-
nitine that occur in AUD are not well understood and war-
rant further research. There are several factors which could
impact carnitine levels in AUD, and we have discussed them
below.

Plasma carnitine was found to be increased compared to
the control group in 5 (Alonso De La Pena et al., 1990;
Cooper et al., 1987, Fuller and Hoppel, 1983, 198S;
Krahenbiihl and Reichen, 1997) of 8 (Alonso De La Pena
et al., 1990; Amodio et al., 1990; Ascha et al., 2016; Cooper
et al., 1987; Fuller and Hoppel, 1983, 1988; Krahenbiihl and
Reichen, 1997; Rudman et al., 1977) studies of patients with
an AUD and cirrhosis. Of the remaining 3 studies, 2 (Amo-
dio et al. and Suzuki et al.) had methodological aspects that
confound the interpretation of plasma carnitine in patients
with an AUD and cirrhosis. Finally, the eighth study notably
found a decrease in plasma carnitine but was conducted in a
population with advanced liver disease with evidence of mal-
nutrition and anorexia (Rudman et al., 1977).

Following our review, we propose that increased plasma
carnitine may be the result of disordered FA metabolism in
alcohol use. As discussed previously, carnitine plays an
essential role in intracellular and interorgan trafficking of
fatty acids and buffering the acyl-CoA/CoA ratio. In alco-
holic liver disease, fatty acid synthesis and lipid deposition
increases dramatically due to the inhibition of FA oxidation
by excess NADH synthesis, the accumulation of acetyl-CoA
(precursor for FA synthesis) as a result of acetate metabolism
and the upregulation of fatty acid synthesis machinery
through the transcriptional activation of SREBP-1c (Osna
et al., 2017). It is possible that as alcoholic liver disease pro-
gresses and fatty acid metabolism becomes impaired, plasma
and tissue carnitine increases. This increase in carnitine
biosynthesis may be an adaptive mechanism to deal with the
increase in fatty acyls and high levels of oxidative stress and
inflammation in AUDs.

An increase in carnitine biosynthesis in AUD was previ-
ously proposed by Krahenbiihl and Reichen (Krahenbiihl
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and Reichen, 1997). The first step of carnitine biosynthesis is
the formation of trimethyllysine in skeletal muscle. Protein
turnover has been found to be increased in AUD patients
(Marchesini et al., 1981), suggesting there may be increased
trimethyllysine available for carnitine biosynthesis. Another
yet to be explored possibility is that plasma carnitine is reflec-
tive of carnitine released from skeletal muscle as 95% of
body carnitine resides in this tissue, and muscle wasting can
occur in AUD (Steiner and Lang, 2015). However to the best
of our knowledge, no studies have evaluated muscle and
plasma carnitine in sarcopenia. De Sousa et al. found skeletal
muscle carnitine to be increased in AUD; however, this may
have been reflective of the type II fiber atrophy that was evi-
dent (de Sousa et al., 1988).

We also found evidence of hypocarnitinemia in advanced
alcoholic liver disease (Alonso De La Pena et al., 1990; Fuller
and Hoppel, 1983; Rudman et al., 1977). It is possible that
the oxidative stress, malnutrition, liver damage, and muscle
wasting that occur in more advanced liver disease impair the
body’s ability to upregulate carnitine synthesis, while urinary
reabsorption is reduced due to renal insufficiency. Together,
these contribute to hypocarnitinemia in advanced disease.
Rudman et al. demonstrated that carnitine supplementation
in individuals with advanced alcoholic cirrhosis restored car-
nitine levels suggesting that carnitine is still a treatment
option in later stages of disease (Rudman et al., 1977). More
research needs to be done to better understand the underlying
pathophysiology of changes in body carnitine stores in AUD.

Changes in urinary excretion of carnitine and carnitine
reabsorption would also contribute to differences in plasma
carnitine values. However, in the 5 studies that reported uri-
nary carnitine, there was no observable trend (Fuller and
Hoppel, 1983; Kepka et al., 2019; Krahenbiihl and Reichen,
1997; Rudman et al., 1977; de Sousa et al., 1988). In patients
that had elevated urinary carnitine, this returned to control
levels after a period of abstinence (Kgpka et al., 2019). It is
possible that changes in urinary excretion could be an adap-
tive response to either conserve carnitine (increase reabsorp-
tion) or excrete excess acylcarnitines formed from an increase
availability of acetyl-CoA or ethyl esters. It has been proposed
that increased urinary carnitine may be a result of impaired
renal tubule function contributing to decrease carnitine reab-
sorption (Kepka et al., 2016) as alcohol abuse can impair renal
reabsorption (Labib et al., 1989). In the current studies, car-
nitine renal excretion was decreased in cirrhotic patients with
renal insufficiency (Fuller and Hoppel, 1983; Rudman et al.,
1977). More research needs to be done to understand the role
of the kidney in carnitine function in AUD.

A Role for Carnitine in Treating AUD

Based on the evidence summarized in this review, we pro-
pose that carnitine supplementation could play a supportive
treatment role in the altered metabolic state induced by
AUD by supporting oxidative metabolism, reducing oxida-
tive stress as well as decreasing cravings and withdrawal.
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Carnitine may Support Oxidative Metabolism and Decreasing
Oxidative Stress in AUD

Excess acetyl-CoA produced during alcohol metabolism
contributes to hepatitis that can develop with an AUD. Car-
nitine, through the action of carnitine acetyltransferase, aids
in the clearance of acetyl-CoA by forming acetylcarnitine,
which can leave the mitochondria and cell and be excreted in
urine. Indeed, Adamo et al. found that carnitine administra-
tion during EtOH consumption in humans increased the
clearance of acetylcarnitine in the urine and decreased acetate
appearance in the blood (Adamo et al., 1988). It is possible
that endogenous carnitine stores are inadequate in dealing
with the influx of acetate and acetyl-CoA produced following
EtOH consumption and carnitine supplementation could
prevent or reduce alcoholic liver disease, even in incidence
where plasma carnitine is already increased. This is supported
by rodent studies that found that carnitine supplementation
decreases the incidence of fatty liver (Bykov and Belkovets,
2004; Bykov et al., 2003; Murad et al., 1977; Sachan and
Rhew, 1983; Sachan et al., 1984), promotes the clearance of
fatty acid ethyl esters (Calabrese and Rizza, 1999; Calabrese
et al., 2001), decreases inflammation (Bykov et al., 2003), and
protects against oxidative damage in liver, serum, and brain
(Arafa and Sayed-Ahmed, 2003; Augustyniak and Skrzy-
dlewska, 2009, 2010; Bykov et al., 2003; Dobrzynska et al.,
2010; Haorah et al., 2013). A recent systematic review on car-
nitine supplementation in nonalcoholic fatty liver disease
found carnitine to be a safe and effective treatment for fatty
liver disease (De Guzman Boado etal., 2019).

Carnitine in the Management of Cravings, Anhedonia, and
Withdrawal in AUD

In addition to supporting oxidative metabolism, there is
evidence to suggest that carnitine may play a role in reducing
cravings and withdrawal in AUD. This review identified 3
clinical trials evaluating the efficacy of acetyl-L-carnitine in
AUD which demonstrated that carnitine improved anhedo-
nia, reduced alcohol cravings and withdrawal symptoms and
increased time to relapse. Early studies by Murad and col-
leagues (1977) demonstrated that carnitine supplementation
in EtOH-treated rats decreased EtOH intake and withdrawal
symptom and proposed that carnitine deficiency may play a
role in developing alcohol physical dependence (Murad
et al., 1977), which was supported by others (Corbett and
Leonard, 1984; Sachan et al., 1984). It should be noted how-
ever that this study used a very high dose of carnitine and it
is unknown if this effect would be observed in humans using
a standard carnitine dose (Murad et al., 1977). Mangano
et al. also demonstrated that acetyl-L carnitine supplementa-
tion reduced cravings and withdrawal symptoms in EtOH
addicted rodents and decreased EtOH consumption (Man-
gano et al., 2000; Murad et al., 1977).

The mechanism by which carnitine may reduce with-
drawal and cravings is not yet known. Carnitine crosses
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the blood-brain barrier through the transporter OCTN2
and accumulates in cells in the brain where it has been
shown to play a role in providing FA for cellular mem-
brane structure and supports acetylcholine synthesis
(Nagcz et al., 2004; Wawrzenczyk et al., 1995). Carnitine
has also been shown to be effective in treatment for
depression and Alzheimer’s among other neurological
conditions (Evans et al., 2008; Pettegrew et al., 1995;
Sima et al., 2005; Veronese et al., 2018).

With only 2 randomized control trials in AUD, it is diffi-
cult to draw conclusions on the effectiveness of carnitine sup-
plementation in this population. Furthermore, the studies
published by Martinotti et al. had a small sample size and
only saw significant improvements following the initial
10 day intravenous treatment. (Martinotti et al., ,2010, 2011)
Despite this, it is worth further evaluation as even a short
duration of improvement may allow patients to remain alco-
hol free for longer.

Overall, the research in rodents and humans suggests
that carnitine may be an effective, safe, and tolerable sup-
portive treatment for individuals living with an AUD and
undergoing treatment for the disorder. Future high-qual-
ity placebo-controlled trials are needed to evaluate the
effectiveness of carnitine in reducing cravings, withdrawal,
and dependence in AUD, and to determine if carnitine
supplementation could support or improve metabolic dys-
function that occurs in alcohol-induced liver disease.
Future studies should also focus on the mechanism by
which carnitine may improve cognitive function and
metabolism in AUD.

SUMMARY

This scoping review identified that carnitine levels are
altered in AUDs and this may be related to the severity
of disease and hepatic insufficiency. Studies primarily con-
ducted in rodents and primary cell culture have shown
that carnitine supplementation may support the clearance
of toxic byproducts of EtOH metabolism (acetate, fatty
acid ethyl esters, reactive oxygen species), support oxida-
tive metabolism, reduce the deleterious effects of ROS
and inflammation in AUD, and support mitochondrial
function and neurotransmitter synthesis in the brain. All
these effects would be beneficial to support the treatment
of AUD. Ultimately, this underscores the need for further
studies to better understand the underlying causes of
changes in carnitine metabolism in AUDs, evaluate the
effectiveness of carnitine supplementation in AUD, and
understand the mechanisms by which carnitine may sup-
port treatment of AUDs.
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