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Abstract

Background  Although carnitine is best known for its role
in the import of long-chain fatty acids (acyl groups) into
the mitochondrial matrix for subsequent f-oxidation, car-
nitine is also necessary for the efflux of acyl groups out of
the mitochondria. Since intracellular accumulation of acyl-
CoA derivatives has been implicated in the development of
insulin resistance, carnitine supplementation has gained
attention as a tool for the treatment of insulin resistance.
More recent studies even point toward a causative role for
carnitine insufficiency in developing insulin resistance
during states of chronic metabolic stress, such as obesity,
which can be reversed by carnitine supplementation.
Methods The present review provides an overview about
data from both animal and human studies reporting effects
of either carnitine supplementation or carnitine deficiency
on parameters of glucose homeostasis and insulin sensi-
tivity in order to establish the less well-recognized role of
carnitine in regulating glucose homeostasis.

Results Carnitine supplementation studies in both
humans and animals demonstrate an improvement of glu-
cose tolerance, in particular during insulin-resistant states.
In contrast, less consistent results are available from animal
studies investigating the association between carnitine
deficiency and glucose intolerance. The majority of studies
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dealing with this question could either find no association
or even reported that carnitine deficiency lowers blood
glucose and improves insulin sensitivity.

Conclusions In view of the abovementioned beneficial
effect of carnitine supplementation on glucose tolerance
during insulin-resistant states, carnitine supplementation
might be an effective tool for improvement of glucose
utilization in obese type 2 diabetic patients. However,
further studies are necessary to explain the conflicting
observations from studies dealing with carnitine deficiency.

Keywords Carnitine - Glucose homeostasis -
Insulin sensitivity - Type 2 diabetes

Introduction

Carnitine is a water soluble quaternary amine (3-hydroxy-
4-N,N,N-trimethylaminobutyric acid), which is essential
for normal function of all tissues. Dietary sources of car-
nitine include mainly products of animal origin, such as
meat and dairy products [1]. Through an omnivorous diet,
approximately 0.3-1.9 mg carnitine is provided per kg
body weight and day, whereas vegetarians consume less
than 0.02 mg per kg body weight and day [2]. Nonetheless,
vegetarians maintain normal carnitine levels indicating that
humans also effectively synthesize carnitine, which was
estimated to be 0.19 mg carnitine per kg body weight and
day [3]. This implies that endogenous synthesis provides
90% of total body carnitine in strict vegetarians and about
25% in omnivores [4].

Endogenous carnitine synthesis starts with the release of
trimethyllysine (TML) from lysosomal protein breakdown,
which is subsequently converted to y-butyrobetaine by a
series of enzymatic reactions involving trimethyllysine
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dioxygenase, 3-hydroxy-N-trimethyllysine aldolase, and
4-N-trimethylaminobutyraldehyde dehydrogenase (TMABA-
DH). Finally, y-butyrobetaine is hydroxylated by y-butyr-
obetaine dioxygenase (BBD) to form carnitine [5]. At least
in rats, it was demonstrated that carnitine supplementation
at levels exceeding the demand decreases carnitine bio-
synthesis through depressing the activity of BBD [6]. In
humans, the major sites of carnitine synthesis are the liver
and the kidneys because these are the only tissues with a
considerable activity of BBD [5]. From extrahepatic tis-
sues, y-butyrobetaine is excreted and transported via the
circulation to the liver, where it is converted into carnitine
[5]. Since carnitine synthesis is dependent on the avail-
ability of several co-factors including the micronutrients
vitamin C, vitamin Bg and iron, a deficiency in these
nutrients can lead to carnitine deficiency (reduced plasma
carnitine concentration compared to normal (25-50 pmol/L
[71)), in particular when carnitine is not provided from the
diet in sufficient amounts.

All tissues that are incapable of producing carnitine are
highly dependent on active carnitine uptake from blood.
Delivery of carnitine from plasma into cells is catalyzed by
novel organic cation transporters (OCTNs), from which the
OCTN?2 isoform is the physiologically most important
carnitine transporter [8, 9]. OCTN2 is of great importance
for maintaining normal carnitine levels in serum because it
is also responsible for tubular reabsorption of carnitine in
the kidney where approximately 99% of all free carnitine
filtered is reabsorbed when plasma free carnitine concen-
tration is in its normal range. Only when plasma carnitine
concentration exceeds the normal range (supraphysiologic
levels), the excess carnitine is rapidly eliminated due to
saturation of the reabsorption mechanism [7, 10], which
explains that the ability to maintain supra-physiologic
plasma carnitine concentrations is limited [11, 12]. Patients
carrying a mutation in the OCTN2 gene develop primary
systemic carnitine deficiency with markedly reduced serum
carnitine levels (0—5 pmol/L) because most of the filtered
carnitine is lost in the urine [13].

The most documented function of carnitine in interme-
diary metabolism is its role in fatty acid catabolism by
facilitating the translocation of long-chain fatty acids (acyl
groups) from the cytosol into the mitochondrial matrix for
subsequent f-oxidation. This complicated translocation
process is catalyzed by the action of three carnitine-
dependent enzymes that together represent the carnitine
shuttle system [14]. Carnitine palmitoyltransferase I (CPT
I) is responsible for the initial step in the carnitine shuttle
system by catalyzing the reversible transesterification of
long-chain acyl-CoA with carnitine. The resulting long-
chain acylcarnitine is then transported through the inner
mitochondrial membrane via carnitine/acylcarnitine trans-
locase and then regenerated to acyl-CoA by the action of
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CPT 1I at the matrix side of the mitochondrial membrane
where f-oxidation takes place. Besides its role in permit-
ting mitochondrial oxidation of long-chain fatty acids,
carnitine is also necessary for the efflux of acetyl and acyl
groups out of the mitochondria in the case that substrate
oxidation exceeds the energy demand, and therefore,
accumulating acyl-CoA intermediates are converted back
to acylcarnitines that are transported out of mitochondria
and cells. This latter function of carnitine is less well
documented. However, since intracellular accumulation of
acyl-CoA derivatives has been implicated in the develop-
ment of insulin resistance in skeletal muscle and heart,
carnitine supplementation has gained attention as a tool for
the treatment or prevention of insulin resistance and type 2
diabetes mellitus [15]. In addition, more recent studies
even point toward a causative role for carnitine deficiency
in developing mitochondrial dysfunction and insulin
resistance during states of chronic metabolic stress such as
obesity and aging [16—18], which can be reversed by oral
carnitine supplementation [18].

The purpose of this review is, first, to provide an over-
view about data from both animal and human studies
reporting effects of either carnitine supplementation or
carnitine deficiency on parameters of glucose homeostasis
and insulin sensitivity in order to establish the less well-
recognized role of carnitine in regulating glucose homeo-
stasis and, second, to summarize the mechanisms of action
underlying the regulation of glucose homeostasis by
carnitine.

Effect of carnitine supplementation on glucose
homeostasis and insulin sensitivity

Human studies
Human studies with subjects with metabolic disorders

A total of sixteen human studies with subjects with meta-
bolic disorders reporting an effect of carnitine supple-
mentation on parameters of glucose tolerance and insulin
sensitivity were identified using the PubMed database (key
words used in different combinations were as follows:
carnitine supplementation, carnitine infusion, glucose
metabolism, insulin resistance, human study, randomized
control trial; time frame: no limitation). Table 1 provides
an overview about design, subject characteristics, carnitine
dose and formulation, treatment duration, and outcome of
these studies. As evident from this overview, the majority
of these studies (11 out of 16) revealed an improvement of
parameters of glucose tolerance, like fasting plasma glu-
cose, fasting plasma insulin, area under the curve for glu-
cose (AUCg; c), area under the curve for insulin (AUCjyns),
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Table 1 Effect of carnitine supplementation on glucose tolerance in human studies with subjects with metabolic disorders

Study design Subjects and Diet Dosage and Route of Treatment duration  Carnitine Overall Refs.
characteristics formulation of application effects on changes in
carnitine/day glucose glucose
tolerance tolerance
RCT 16 patients with DM-2 Hypocaloric 4gLC Oral 2 weeks AUCgLc+ T [32]
or IFG (IZM/4F), no (1,200 kcal/day F, GLCragting—
anti-diabetic therapy, 1,400 kcal/M; S
aged 49.7-81.7 years,  55% carbohydrates, INStasting
BMI < 35.4 kg/m? 25% lipids, HOMA-IR|
20% proteins)
RCT, double- 94 patients with newly n.m. 2¢glLC Oral 24 weeks GLCrasiing 1 [33]
blind diagnosed DM-2
(47M/47F), aged
43-58 years
RCT, double- 35 caucasian patients n.m. 3gLC Oral 12 weeks GLCrustingd 1 [31]
blind with DM-2 (22M/
13F), aged

51.3 &+ 3.7 years,
disease duration of
12.3 + 3.4 years,
BMI < 30 kg/m?,
medication with oral
anti-diabetic, no
insulin or lipid
lowering medication

RCT, double- 74 patients with NASH  Hypocaloric 2gLC Oral 24 weeks GLCagtingd il [26]
blind (40M/34F), aged (1,600 kcal/d); INS ating
28-60 years, lowest 30 min home-based
possible therapeutic whole body HOMA-IR]
dosage stretching routine
3 times/week
RCT, double- 258 caucasian DM-2 Hypocaloric (near 2gLC Oral 48 weeks GLCagtingd i [19]
blind patients (126 orlistat 600 kcal daily combined INS ating
group 62M/64F; 132 deficit, 50% with orlistat (vs.
orlistat + LC group carbohydrates, 30% baseline)
65M/67F), aged lipids, 20%
47-59 years, proteins); walking or HOMA-IR|
BMI > 30 kg/m* cycling for
20-30 min 3-5
times/week
RCT, double- 254 caucasian DM-2 Hypocaloric (near 2gLC Oral 48 weeks GLCfmingi i [20]
blind patients (125 63M/62F 600 kcal daily combined (vs.
sibutramin group, 129 deficit, 50% with baseline)
65M/64F in carbohydrates, 30% sibutramin INSfasting 1
sibutramin + LC lipids, 20%
. . HOMA-IR|
group) proteins); walking or
aged > 18 years, cycling for
BMI > 30 kg/m” 20-30 min 3-5
times/week
Uncontrolled, 32 subjects with No changes in dietary 2 g ALC Oral 24 weeks AUCqgcl 1 [102]
longitudinal, decreased insulin intake AUCsl
study sensitivity, aged
21-58 years
RCT, single- 8 overweight/obese male No changes in dietary 3 g LC- Oral 2 weeks AUCnsT — [21]
blind participants, subjects intake tartrate AUCqrcl
studied twice, aged
19-36 years HOMA-IR
RCT, double- 12 patients with DM-2 of Isocaloric diet, 3gLC Oral 4 weeks GLCysting — [25]
blind <5 years (6M/6F), containing more
aged 30-60 years, than 250 g
BMI < 30 kg/m® carbohydrates/day
for 3 days before the
study
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Table 1 continued

Study design Subjects and Diet Dosage and Route of Treatment duration  Carnitine Overall Refs.
characteristics formulation of application effects on changes in
carnitine/day glucose glucose
tolerance tolerance
RCT, double- 29 pre-diabetic subjects, No changes in dietary 1.35 g ALC Oral 8 weeks AUCgrc+| > [22]
blind aged 20-55 years, intake HOMA-
BMI < 40 kg/m?, no R
medication
RCT, double- 46 non-insulin- No changes in dietary 3 g LC Oral 12 weeks GLCragiing= — [23]
blind dependent diabetic intake, daily live .
pafiems (16M/30F; and activiti}e,s INStasing
n = 23/group), aged
55-61 years,
BMI < 30 kg/m?
RCT 15 patients with DM-2 Weight-maintaining, 45 pg/kg BW/  iv. 3h M1 1 [27]
(8M/7F), aged consisting of 250 g min LC GOX1
39.3-55.3 years carbohydrates/day
BW 59-77.3 kg, each for 1 week before
subject studied twice the study
RCT, double- 18 DM-2 patients (8M/  Weight-maintaining, Priming bolus  i.v. 180 min M1 dose- 1 [96]
blind 10F), aged consisting of 250 g of 5 mg/kg dependent
52.3 + 12 years, carbohydrates/day BW ALC M/I1 dose-
BMI < 32 kg/mz, for 1 week before afterward at independent
medication with oral the study a rate of
anti-diabetic, each 0.025-1 mg/ INStasting|
subject studied twice kg BW GOX+
during EHC
RCT 9 non-insulin-dependent  Isocaloric (containing 3 mmol LC iv. 3h GLCusting 1 [122]
diabetic patients (7M/ 200 during EHC .
2F), age;) 39-64 years, carbfhydrates) ¢ INStasing
BMI < 33 kg/m’, M1
medication with oral
anti-diabetic, each
subject studied twice
Placebo 13 hemodialysed n.m. 1gLC iv. One bolus Ki« il [123]
controlled patients with chronic
trial renal failure (LC
group n = 7, 3M/4F;
control group n = 6,
2M/4F), aged
38-51 years
Case—control 4 person on long-term HPN formula 66 pg/kg BW/  iv. 180 min + 4 weeks GLCpyginge — [24]
study HPN min LC for INS fasting
20 min and N
33 pg/kg GOX«—
BW/min
LC+1¢g
LC/day

RCT randomized controlled trial, DM-2 type 2 diabetes mellitus, M/F male/female, BW body weight, BMI body mass index, GLCl,gin, fasting plasma glucose,
INS 451ing fasting plasma insulin, /FG impaired fasting glucose, i.v. intravenous, AUCgc area under the curve for glucose, AUC,ys area under the curve for insulin,
HOMA-IR homeostasis model assessment of insulin resistance, =fasting plasma insulin x fasting serum glucose/405, NASH non-alcoholic steatohepatitis, EHC
euglycemic hyperinsulinemic clamp, M glucose tissue uptake rate at steady state (mg/min x kg), M/I ratio of end-clamp glucose tissue uptake and end-clamp
insulinemia [(mg/kg BW/min)/(nUI/mL)], GOX glucose oxidation rate, K, fractional disappearance rate of insulin, ALC acetyl-L-carnitine, LC L-carnitine, HPN
home parenteral nutrition, n.m. not mentioned

glucose oxidation rate (GOX), and/or homeostasis model
assessment of insulin resistance (HOMA-IR), by carnitine
supplementation. It is obvious, moreover, that the
improvement of glucose tolerance following carnitine
supplementation in these studies was independent of the
route of carnitine administration (i.v. vs. oral), the
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treatment duration, the metabolic disorder of the subjects
[pre-diabetic, diabetic, overweight/obese, or patients with
nonalcoholic steatohepatitis (NASH), chronic renal failure,
or home parenteral nutrition (HPN)], the carnitine formu-
lation [carnitine vs. acetyl-L-carnitine (ALC) or carnitine-
tartrate], or the carnitine dosage. However, it has to be
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considered that in two of the studies with a positive out-
come, carnitine supplementation (2 g oral carnitine) was
studied in combination with an anti-obesity drug (either
orlistat [19] or sibutramin [20]) compared to monotherapy
with the anti-obesity drugs. A treatment group receiving
carnitine alone was not included in these two studies with
diabetic subjects. Thus, it remains unresolved from these
long-term studies (48 weeks) whether the observed
reductions of fasting glucose, fasting insulin, and HOMA-
IR in the groups receiving carnitine plus orlistat [19] or
carnitine plus sibutramin [20] were due to carnitine sup-
plementation or due to an interaction between carnitine and
the anti-obesity drugs.

The oral carnitine dosages shown to be effective were
in the range between 2—4 g carnitine and 2 g ALC,
respectively. These have to be considered as supra-
physiologic considering that carnitine intake from an
omnivorous diet was estimated to be only up to 1.9 mg
carnitine/kg body weight and day corresponding to
approximately 150 mg carnitine/day for a 80 kg person.
Since lower carnitine dosages than 2 g carnitine/ALC
were not tested in either of these studies, the possibility
cannot be ruled out that lower dosages might have been
sufficient to positively impact glucose tolerance. There-
fore, future studies testing a broad range of different
carnitine dosages, from physiologic to supra-physiologic,
are necessary to establish the minimum effective carni-
tine dosage for improving glucose tolerance.

Only in five studies considered in this review,
parameters of glucose homeostasis or insulin sensitivity
were not altered compared to control/placebo treatment
[21-25]. Since in two of these five studies, the treatment
duration was quite long (8 weeks [22] and 12 weeks
[23]), the lack of a significant effect of carnitine in these
studies cannot be explained by an inadequate treatment
duration. However, it is worth mentioning that in con-
trast to the studies of Gonzalez-Ortiz et al. [25] and
Liang et al. [23], which did not find any effect of 3 g
oral carnitine on either fasting plasma glucose, HbAlc,
serum insulin, and/or glucose disposal constant, Bloomer
et al. [22] observed at least a slight improvement of
glucose tolerance in response to 1.35 g oral ALC, as
evidenced by minor decreases in blood glucose, insulin,
and HbAlc. A too low carnitine dosage as argued by
Liang et al. [23], which used 3 g oral carnitine, also
cannot explain the failure of carnitine treatment consid-
ering that glucose tolerance was improved by carnitine
even at lower dosages in three other studies (2 g oral
carnitine) [19, 20, 26]. Great differences in the basal
carnitine intake and the intake of certain micronutrients
(vitamin C, vitamin Bg, and iron), which required as co-
factors for endogenous carnitine synthesis, from the diet
between subjects from studies with no carnitine effect

and those with a positive outcome are also unlikely to be
responsible for the different outcome, because in three
studies with no carnitine effect, the subjects were not
restricted in their dietary habits and maintained on their
normal omnivorous diet. Moreover, regarding that dif-
ferent carnitine supplementation studies revealed either
no effect or a positive impact on glucose tolerance in
subjects with the same metabolic disorder (e.g., type 2
diabetes), indicates that the influence of carnitine sup-
plementation is not dependent on the type of metabolic
disorder of the study subjects. However, one issue that is
probably of great importance when trying to explain
differences in the outcome between studies is whether
the carnitine status of the subjects was within or below
the physiologic range (normal serum carnitine concen-
tration: 25-50 pmol/L) before starting with supplemen-
tation. This question, however, cannot be adequately
answered because, with the exception of only one study
[24], all other studies did not report serum carnitine
concentrations of the study subjects. Therefore, further
carnitine supplementation studies, in which plasma car-
nitine concentrations of the study subjects before and
after the supplementation period are taken into account,
should help to resolve the inconsistent observations from
different studies.

Human studies with healthy subjects

Only six human studies with healthy subjects reporting an
effect of carnitine supplementation on parameters of
glucose tolerance and insulin sensitivity were identified
using the PubMed database (same search criteria as for
subjects with metabolic disorders; Table 2). Five of these
studies showed an improvement of parameters of glucose
tolerance in response to carnitine supplementation,
whereas the remaining study did not reveal an improved
glucose tolerance as evidenced by unaltered fasting glu-
cose and fasting insulin levels [24]. The lack of effect of
i.v. carnitine supplementation on glucose tolerance in this
study probably cannot be attributed to an insufficient
carnitine dosage because in another study with a positive
outcome [27], the i.v. carnitine dosage was markedly
lower (45 vs. 66 pg/kg body weight; [27] and [24], resp.).
Other reasons such as differences in the diet composition
(carnitine concentration, micronutrients such as vitamin
C, vitamin Bg, and iron) between subjects of this study
and those with a positive outcome could not be evaluated
because the diet of the subjects was not reported [24].
Even though the reason for the lack of a carnitine effect
in the above-mentioned study remains a matter of spec-
ulation, the importance of this study should not be over-
stated considering the very small number of subjects
included (n = 4). In the studies reporting an improved
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Table 2 Effect of carnitine supplementation on glucose tolerance in human studies with healthy subjects

Study Subjects and Diet Dosage and  Route of Treatment  Carnitine Overall Refs.
design characteristics formulation application duration effects on change in
of carnitine/ glucose glucose
day tolerance tolerance
RCT, 8 lean, male No changes in dietary 3gLC- Oral 2 weeks AUCqgcl i [21]
single- participants subjects intake tartrate AUCns
blind studied twice, aged
19-36 years HOMA-
IR—
RCT 20 healthy volunteers Weight-maintaining, 45 pg/kg iv. 3h M1 1 [27]
(11M/9F), aged consisting of 250 g BW/min
39.3-55.3 years carbohydrates/day for LC
BW 59-77.3 kg, each 1 week before the study
subject studied twice
Cross- 47 healthy volunteers n.m. 6 gLC i.v. 3h GLCpiasmal 1 [29]
ove.r INSplasmaH
design
RCT 2 parallel studies of 40 n.m. 4gand2g  iv. n.m. GLCpiasmal T [30]
and 20 healthy LC, resp. INS jagma
volunteers
RCT 14 healthy volunteers Standard composition 80 mg LC/g  i.v. One bolus  AUCg ¢l i [28]
(TM/7F), aged (55% carbohydrates, glucose ISIes
33.8 &+ 10.9 years, 30% lipids, 15%
BMI 23.6 + 2.7 kg/ proteins) ad libitum,
m?, each subject with at least 250 g
studied twice carbohydrates/day
Case— 4 healthy volunteers n.m. 66 ng/kg i.v. 180 min GLCfusting [24]
c:)rzltrol Eg;mm INSfagting—
study or
20 min and GOX e
33 nglkg
BW/min
LC

n.m. not mentioned, RCT randomized controlled trial, M/F male/female, BW body weight, BMI body mass index, GLCp;4sm, plasma glucose,
GLClysiing Tasting plasma glucose, INS,usmq plasma insulin, INSz,in, fasting plasma insulin, /FG impaired fasting glucose, AUCg, ¢ area under
the curve for glucose, AUCyys area under the curve for insulin, i.v. intravenous, HOMA-IR homeostasis model assessment of insulin resistance,
=fasting plasma insulin x fasting serum glucose/405, ISI insulin sensitivity index, M glucose tissue uptake rate at steady state (mg/min x kg),

GOX glucose oxidation rate, LC L-carnitine

glucose tolerance in healthy subjects [21, 27-30], the bene-
ficial response to carnitine supplementation occurred inde-
pendent of the route of carnitine administration (i.v. vs. oral),
the treatment duration, the carnitine formulation (carnitine
vs. carnitine-tartrate), and the carnitine dosage, which varied
between 3 g oral carnitine-tartrate and 2—6 g i.v. carnitine.
Due to the lack of appropriate titration studies testing the
effect of carnitine at different dosages, future studies are
required to establish the minimum effective carnitine dosage
in healthy subjects. As mentioned above, these future studies
should also consider the carnitine status of the subjects
before and after the supplementation.

Interestingly, in one of the studies with a positive outcome
[21], the effect of 3 g oral carnitine-tartrate supplementation
was directly compared in both healthy (normal weight) and
overweight/obese subjects to elucidate whether the response
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of glucose tolerance is different between these two groups
[21]. This study indeed revealed that carnitine-tartrate
reduced the AUCg; ¢ following an oral glucose tolerance test
only in the normal-weight subjects, but not in the over-
weight/obese subjects indicating that carnitine supplemen-
tation is not useful in subjects with metabolic disorders.
However, considering the great number of studies [27, 31—
33] reporting beneficial effects of carnitine supplementation
in obese or diabetic subjects, it cannot be deduced from the
study of Galloway et al. [21] that the effect of carnitine on
glucose tolerance is dependent on the health/metabolic sta-
tus. Therefore, future studies are necessary to clarify these
inconsistencies.

To summarize, the majority of human studies dealing with
carnitine supplementation in either healthy subjects or sub-
jects with metabolic disorders shows an improvement of
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Table 3 Effect of carnitine supplementation on glucose tolerance in different animal species (in vivo)

Species  Study design Daily dosage Route of Treatment  Carnitine Overall Refs.
and formulation application duration effects on change in
of carnitine glucose glucose
tolerance tolerance
Mouse 3 experiments: 0.5% LC of diet Oral 3-6 weeks  GLCraging! 1 [35]
1. obese diabetic transgenic mouse model (BAP washout
agouti) with insulin resistance (n = 15/group) 1 week
2. out-bred mice on a Black Swiss/129 background (exp. 1)
with glucose intolerance fed a diet with moderate 1 week
fat content (n = 8/group) (exp. 2)
3. C57BL/6J mice fed a high-fat diet for 8 weeks 8 weeks
(n = 20/group) each mouse strain (£LC) (exp. 3)
Mouse  KK-AY mice with DM-2 30 mmol LC as Oral 2 weeks GLCtasting—) 1 [42]
Zn-complex AUCqicl
Rat OZR and LZR (n = 10/group) 200 mg PLC/kg Oral 20 weeks OZR: 1 [38]
LZR (+PLC), OZR (£PLC); n = 5/group BW GLCpying =
AUCqicl
INSfastingl
HOMA-IR|
Mouse  Female mice WT (£LC), L-SACC1 1.5 g LC/kg i.p. 1 week L-SACCI: 1 [36]
(£LC); n = 5-9/group BW INS fagting )
WT:
INSfastingH
Rat Adult male Wistar rats 300 mg LC/kg  i.p. 9 weeks High fructose: 1 [40]
Control (£LC), high fructose (+LC); BW GLCpagting
n = 6/group Control:
GLCasting
Rat Adult male Wistar rats 300 mg LC/kg  i.p. 4 weeks High fructose: 1 [39]
Control (£LC), high fructose (£LC); BW GLCagting
n = 6/group INSfactingl
HOMA-IR|
AUCgicl
AUCinsl
Rat Control (£ LC), STZ-D (£ LC) 3 g LC/kg BW ip. 6 weeks STZ-D: i [37]
GLCpjasmal
Rat Control (+LC), STZ-D (£LC) 3 g LC/kg BW ip. 2 weeks STZ-D: 1 [34]
GLCrasiingl
Rat Control (£LC), high fructose 300 mg LC/kg  i.p. 3 weeks High fructose: 1 [41]
(£LC); n = 6/group BW GLCagting)
INSfastingl
HOMA-IR—

AUC g ¢ area under the curve for glucose, AUC)ys area under the curve for insulin, BW body weight, i.p. intraperitoneal, HOMA-IR homeostasis
model assessment of insulin resistance, =fasting plasma insulin x fasting serum glucose/405, GLCjgin, fasting plasma glucose, INSy,ine fasting
plasma insulin, STZ-D streptozotocin-induced diabetic, LC L-carnitine, PLC propionyl-L-carnitine, DM-2 type 2 diabetes mellitus, OZR obese
Zucker rat, LZR lean Zucker rat, WT wild type

glucose tolerance and/or insulin sensitivity. Nevertheless,  the supplementation period. The fact that none of the studies
inconsistent observations with regard to the effect of carni-  considered carnitine supplementation caused an impairment
tine in subjects with similar metabolic disorders or dietary  of glucose tolerance or caused other adverse effects indicates
habits require further well-designed clinical studies, which ~ that safety concerns with carnitine supplementation are
have to take into account the carnitine status before and after ~ unfounded.

@ Springer



Eur J Nutr (2012) 51:1-18

Animal studies
In vivo studies

Nine animal studies reporting an effect of carnitine supple-
mentation on parameters of glucose tolerance and insulin
sensitivity could be considered for this review using PubMed
database (key words used in different combinations were as
follows: L-carnitine, carnitine supplementation, carnitine
infusion, glucose metabolism, insulin resistance, animal
study; time frame: no limitation). In Table 3, an overview is
given about the most important characteristics of these ani-
mal experiments (species, design, carnitine dose and formu-
lation, treatment duration, outcome), which evaluated the
effect of either i.p. or oral supplementation of carnitine or its
derivative propionyl-L-carnitine (PLC) on parameters asso-
ciated with glucose homeostasis [34—41]. In one study, which
evaluated anti-diabetic and insulinomimetic effects of Zn(II)
complexes, carnitine was administrated orally as a Zn(II)
complex [42]. It is obvious from Table 3 that, in contrast to
the human studies, all animal studies showed an improvement
of glucose tolerance in response to carnitine supplementation,
as evidenced by reduced fasting glucose and fasting insulin
levels and/or reduced AUCg ¢ and AUC|ys on glucose tol-
erance test [34—42]. Differences between studies with respect
to the route of carnitine administration (i.p. vs. oral), the
treatment duration (ranging between 1 and 20 weeks), the
animal model (rat vs. mouse), and the carnitine formulation
(carnitine vs. PLC) had no effect on the outcome. However, it
could be clearly shown that the effect of carnitine and PLC,
respectively, on glucose tolerance was dependent on the
insulin status of the animals. Only in diabetic rats, induced
either by fructose [39-41] or high-fat diet feeding [35],
streptozotocin injection [34, 37] or genetically as in the
Zucker rat [38], the BAP agouti mouse [35], or the KK-A”
mouse [42], carnitine supplementation reduced fasting glu-
cose and/or insulin levels. In one study [40], in which also
non-diabetic rats were used, i.p. carnitine administration at a
dosage of 300 mg/kg body weight failed to exhibit an effect
on glucose tolerance. Similarly, i.p. carnitine administration
at a high dosage of 1.5 g/kg body weight improved insulin
sensitivity only in insulin-resistant liver-specific CEACAM1
(carcinoembryonic antigen-related cell adhesion molecule
1)-deficient mice but not in wild-type mice [36]. One reason
for the different response of diabetic and non-diabetic ani-
mals to carnitine supplementation might be that the diabetic
state leads to a reduction of plasma and tissue carnitine
concentrations [18], which is restored to normal levels by
carnitine supplementation, whereas in the non-diabetic ani-
mals, the carnitine levels in plasma and tissues are within the
normal range even without supplementation.

To sum up, the results from studies with experimental
animals  consistently  demonstrate  that  carnitine
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supplementation improves glucose tolerance during insu-
lin-resistant states, such as diabetes or obesity.

Studies with isolated rat hearts

Atotal of ten studies evaluating an effect of carnitine [43—46]
or PLC [47-52] on glucose utilization in the perfused iso-
lated working rat heart were identified via PubMed database
search (key words used in different combinations were as
follows: L-carnitine, carnitine supplementation, glucose
metabolism, isolated rat heart; time frame: no limitation).
These studies and their experimental design are summarized
in Table 4. The heart was of special interest in these studies
because myocardial dysfunction, such as diastolic dysfunc-
tion and impairment of relaxation, is typically associated
with diabetes and pressure-overload myocardial hypertro-
phy. Under normal conditions, fatty acid oxidation contrib-
utes to 60—80% of total ATP production in the myocardium,
whereas the remaining ATP is generated from oxidation of
glucose and lactate [53]. In contrast, in the diabetic heart,
ATP production is almost completely derived from fatty acid
oxidation [54], and this increase in fatty acid oxidation and
the parallel decrease in glucose oxidation have been made
responsible for the development of heart dysfunction in
diabetes [55]. Therefore, therapeutic strategies aiming to
overcome the inhibitory effect of fatty acids on glucose
metabolism in the heart are of benefit in diabetic animals [45,
54, 56]. Noteworthy, the above-mentioned studies with
isolated working rat hearts consistently demonstrated that
carnitine perfusion increased glucose oxidation and its
contribution to total ATP production and improved cardiac
function, irrespective of the rat model used (healthy, ische-
mic, diabetic, carnitine-deficient, or pressure overload-
induced heart hypertrophy).

Collectively, the results from studies with isolated
working rat hearts consistently demonstrate that carnitine
perfusion stimulates glucose oxidation and improves car-
diac function.

Effect of carnitine deficiency on glucose homeostasis
and insulin sensitivity

Human and animal studies with carnitine deficiency

A total of ten studies were considered as suitable to eval-
uate the relationship between carnitine deficiency and
glucose tolerance in humans and animals (key words used
in different combinations were as follows: carnitine defi-
ciency, glucose metabolism, valproic acid, JVS mice,
pivalate, diabetes, mildronate; time frame: no limitation).
As shown in Table 5, only four of these studies revealed
that carnitine deficiency is associated with an impaired
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Table 4 Effect of carnitine supplementation on glucose utilization in isolated rat hearts (in vitro)

Isolated heart model Feeding period Dose and formulation of Perfusion  Carnitine effects on Refs.
carnitine in perfusion buffer duration glucose utilization
Ischemic diabetic hearts - 10 mmol/L LC 25h Control: [45]
(streptozotocin-induced) GOX1
STZ-D:
GOX1
Glycolysis rates?
Ischemic hearts - 10 mmol/L LC 1h GOX?1 [44]
Glycolysis rates«
Intact hearts - 10 mmol/L LC + palmitate 1h GOX?1 [43]
Glycolysis ratest
Intact hearts - 5 mmol/L LC 1h GOX?1 [46]
Glycolysis ratest
Hypertrophied hearts - 1 mmol/L PLC 1h GOX 1 [47]
Glycolysis rate«
Hypertrophied hearts 8 weeks, 60 mg PLC/kg BW - 45 min Control: [48]
and day via drinking water GOX1
Glycolysis rate«<
Ischemic diabetic hearts 6 weeks, 1 g PLC/L via - 30 min STZ-D: [49]
(streptozotocin-induced) drinking water ad libitum GLCptasma
GOX1
Diabetic heart (streptozotocin- 6 weeks, 1 g PLC/I via drinking - 30 min STZ-D: [51]
induced) water ad libitum GOX1
Reperfused diabetic heart 6 weeks, 1 g PLC/1 via drinking — 30 min STZ-D: [52]
(streptozotocin-induced) water ad libitum GLCprasmal
GOX1
Diabetic heart (streptozotocin- 6 weeks, 1 g PLC/1 via drinking — 60 min STZ-D: [50]
induced) water ad libitum GLCptasma
GOX1

BW body weight, STZ-D streptozotocin-induced diabetic, LC L-carnitine, PLC propionyl-L-carnitine, GLCh;44m, plasma glucose, GOX glucose

oxidation rate

glucose tolerance [18, 57-59], whereas the remaining six
studies could not establish this association [60-65].

In humans, secondary carnitine deficiency is observed
during treatment with valproic acid [66], a broad-spectrum
anti-epileptic drug that is now used commonly for several
other neurological and psychiatric indications. Valproic
acid contributes to carnitine deficiency through decreasing
the concentration of o-ketoglutarate that is required for de
novo biosynthesis of carnitine. Evidence exist that serious
complications occurring in some patients receiving val-
proic acid chronically, such as hepatotoxicity and hyper-
ammonemic encephalopathy, are promoted by carnitine
deficiency [67], wherefore carnitine supplementation dur-
ing valproic acid therapy in high risk patients, such as
children, is generally recommended. In one study in 23
psychiatric patients [59] with chronic valproic acid treat-
ment and documented hypocarnitinemia, increased fasting
plasma glucose levels were reported indicating that an

impaired carnitine status contributes to glucose intolerance
in humans.

In two studies [57, 60], the juvenile visceral steatosis
(JVS) mouse was used as a model for carnitine deficiency.
JVS mice develop severe systemic carnitine deficiency due
to a mutation in the gene encoding the novel organic cation
transporter 2 (OCTN2), which operates on renal reabsorp-
tion, intestinal absorption, and tissue distribution of carnitine
[68]. Using this genetic carnitine deficiency model, it was
shown that glucose and insulin homeostasis is significantly
disturbed during carnitine deficiency, as evidenced by
hyperinsulinemia, and that carnitine administration restores
these perturbations [57]. In contrast, no effect on parameters
of glucose (plasma glucose) and insulin homeostasis was
observed in another study using the JVS mouse model of
carnitine deficiency [60]. One important reason that may
explain the different outcomes between these two studies
might be that in the latter study [60] plasma glucose was
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Table 5 Effect of carnitine deficiency on glucose tolerance in humans and different animal models

Species Type of carnitine  Study design Effects of carnitine Overall change in  Refs.

deficiency deficiency on glucose glucose tolerance
tolerance

Human SCD induced by 23 psychiatric patients GLCfastingT l [59]
valproic acid

Mouse  SCD induced by Feeding either a standard diet or high-fat diet AUCg 1 ! [58]
high-fat diet ad libitum for 10 weeks
feeding

Mouse  JVS mouse model  Control (+/4) versus JVS (JVS/JIVS) GLCasting! l [57]
of PCD INSfastingT

Mouse  JVS mouse model  Control (+/+) versus JVS (JVS/JVS) under fed and GLCagting — [60]
of PCD fasting conditions/

Rat SCD induced by Feeding either a standard or high-fat diet for 12 months ~ GLCfaging T 1 [18]
highs o die INS |

& HOMA-IR?

Rat SCD induced by Drinking water with either sodium pivalate or not for ~ GLCgyging< — [62]
sodium pivalate 28 weeks afterward hearts were excised and perfused Gox.,

Rat SCD induced by Drinking water with either sodium pivalate or not for ~ GLCryging< — [61]
sodium pivalate 8 weeks

Mouse  SCD induced by Mildronate (i.p., 200 mg/kg BW) daily for 20 days GLCfeql i [63]
mildronate

Rat SCD induced by Mildronate (p.o., 100 and 200 mg/kg BW) daily for GLCasting! i [64]
mildronate 8 weeks GLCfeal

Rat SCD induced by Mildronate (p.o., 200 mg/kg BW) daily for 4 weeks GLCasting! i [65]
mildronate GLCjeal

BW body weight, JVS juvenile visceral steatosis, PCD primary carnitine deficiency, SCD secondary carnitine deficiency, AUCg/ ¢ area under the
curve for glucose, HOMA-IR homeostasis model assessment of insulin resistance, =fasting plasma insulin x fasting serum glucose/405,

GLCl,s1ing fasting plasma glucose, GLCy,, feeding plasma glucose, INSy,ine fasting plasma insulin, GOX glucose oxidation rate

determined in the fed state, but in the fasted state in the other
study [57].

In two other studies [61, 62], pivalate was administrated
to rats to induce carnitine deficiency. Pivalate administra-
tion causes induction of secondary carnitine deficiency due
to excessive loss of carnitine via the urine through for-
mation of pivaloylcarnitine [69]. In both studies using the
pivalate model of carnitine deficiency, glucose tolerance
was not significantly impaired by pivalate treatment. At
least in one of the two studies, the plasma glucose con-
centration was numerically lowered (about 20%) by piva-
late treatment [61]. Probably, this effect was not significant
due to the little number of animals (four in the control
group and six in the pivalate group) used in this study. In
the other study [62], however, the pivalate-induced carni-
tine deficiency had not any impact on parameters of glu-
cose tolerance. Since pivalate administration caused severe
carnitine deficiency in rats of both studies as evidenced by
a marked reduction in plasma free carnitine concentration
(from 35 to <10 pmol/L after 1 week of pivalate admin-
istration), the lack of a significant effect cannot be attrib-
uted to an inadequate impairment of the carnitine status
[61]. Future studies with a greater number of animals
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should help to clarify the inconsistent observations from
studies using the pivalate model of carnitine deficiency.
The authors of two further studies investigating the rela-
tionship between carnitine deficiency and glucose tolerance
[18, 58] used a high-fat diet to induce carnitine deficiency.
Long-term feeding of a high-fat diet impairs whole body car-
nitine status due to compromising the capacity of the liver to
synthesize and take up carnitine. As the underlying mechanism
of high-fat diet administration, reduction of transcript levels of
genes responsible for carnitine synthesis, such as BBD and
TMABA-DH, and carnitine uptake (OCTNs) has been identi-
fied [18]. It has been postulated that the reduced transcript
levels of the respective genes is due to disruption of peroxisome
proliferator-activated receptor o (PPAR) function in response
to high-fat diet administration, because PPAR« has been
identified as a critical transcriptional regulator of BBD,
TMABA-DH, and OCTN2 in mice, rats, and pigs [70-76].
Using the high-fat diet-induced model of carnitine deficiency,
Noland et al. [18] clearly showed that carnitine insufficiency
contributes to mitochondrial dysfunction and insulin resistance.
The same relationship could be observed in several rat models
of genetic obesity [18]. Importantly, oral carnitine supple-
mentation reversed these perturbations in concert with an
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improved glucose tolerance [18] underscoring the beneficial
role of carnitine for glucose tolerance. A more recent study
from our own group confirmed the findings from Noland et al.
[18] in that we also observed that feeding a high-fat diet to
sedentary mice reduced total carnitine status (plasma: from
19.5 to 12.9 umol/L; liver: from 150 to 122 nmol/g) and
expression of BBD, TMABA-DH, and OCTN2 in the liver
[58]. Interestingly, when mice on the high-fat diet were regu-
larly trained on a motorized treadmill (35 min, 5 times a week)
for 10 weeks, the impaired carnitine status (reduced liver car-
nitine concentration) could be completely restored to normal
level found in sedentary mice fed a standard diet [58]. On the
molecular level, we found that regular endurance exercise
caused a significant increase in the hepatic expression of BBD,
TMABA-DH, and OCTN?2 in mice fed the high-fat diet indi-
cating that endurance exercise is capable of completely
reversing the high-fat diet-induced impairment of hepatic car-
nitine status by stimulating carnitine synthesis and uptake.
Another approach to induce carnitine deficiency is
administration of the pharmacological agent mildronate,
which reduces carnitine levels in plasma and heart via
inhibiting BBD and OCTN2. Mildronate is a cardioprotec-
tive drug whose mechanism of action is based on reducing
the availability of carnitine [77]. In sharp contrast to the
abovementioned studies that reported either no effect or an
impairment of glucose tolerance in response to carnitine
deficiency, three studies from the same group demonstrated
in different animal models (ICR mice [63], Goto-Kakizaki
rats [64], obese Zucker rats [65]) that mildronate, by
reducing plasma and heart carnitine concentrations, lowers
plasma glucose and insulin concentration and/or protects
against diabetic complications. This surprising effect of
mildronate-induced carnitine deficiency on glucose toler-
ance has been explained by a partial inhibition of fatty acid
oxidation through reduction of CPT I-dependent long-chain
fatty acid import into the mitochondria [63, 78-80] and a
concomitant increase in glucose uptake and oxidation in the
heart [64, 65]. Based on their results and taking into account
the reported beneficial effects of carnitine supplementation
in animal models of diabetes, Liepinsh et al. [64] concluded
that both mildronate-induced reduction in carnitine avail-
ability and pharmacological supplementation with carnitine
can stimulate glucose metabolism and that both of these
treatments could be effective for diabetes therapy. Future
studies are necessary to explain the contrasting observations
that carnitine deficiency induced by mildronate improves
glucose tolerance whereas carnitine deficiency in JVS mice
is accompanied by an impaired glucose tolerance [57].
Approaches to cause a moderate carnitine deficiency,
such as feeding a lysine deficient diet, have not been
studied in the context of glucose homeostasis. However,
since feeding a lysine deficient diet causes only minor
decreases of carnitine levels in plasma, heart, and skeletal

muscle [81], it is questionable whether feeding a lysine
deficient diet has an impact on glucose tolerance.

To summarize, results from animal studies investigating
the possible association between carnitine deficiency and
glucose intolerance are conflicting. Only four studies
revealed a direct relationship between carnitine deficiency
and glucose intolerance, whereas the majority of studies
dealing with this question could not establish this relation-
ship. Further studies are necessary to explain the apparently
conflicting observation that both carnitine deficiency
induced by mildronate and pharmacological supplementa-
tion with carnitine can stimulate glucose metabolism.

Carnitine status in humans with diabetes

Since mechanistic studies in experimental animals point
toward a causative role for carnitine deficiency in the
development of insulin resistance [18, 82], we carried out a
PubMed search for studies reporting on carnitine concen-
trations in diabetic subjects. According to this, eight studies
could be identified (key words used in different combinations
were as follows: free carnitine, carnitine status, diabetes,
humans; time frame: no limitation). With the exception of
two studies [83, 84], all other studies considered reported that
diabetic subjects have reduced plasma free carnitine con-
centrations [[85-90], Table 6]. For instance, in one study
with adult diabetic patients with pronounced hyperglycemia,
approximately 40% lower plasma free carnitine concentra-
tions were observed when compared to healthy subjects [85].
Similarly, markedly reduced serum carnitine levels
(<20 pmol/L) were observed in children with type 1 diabetes
mellitus [86]. Moreover, reduced serum carnitine levels were
also reported for type 2 diabetic women with hyperglycemia
and diabetic complications (retinopathy, hyperlipidemia,
and neuropathy) compared to type 2 diabetic women without
complications (39.6 pmol/L vs. 53.4 pmol/L serum free
carnitine) [87]. Although it is not possible to draw any con-
clusions from these human studies with diabetic subjects on a
causal relationship between an impaired carnitine status and
diabetes development, these observations provide at least
indication for an association between impaired carnitine
status and glucose intolerance. However, regarding that
plasma free carnitine concentrations were still within or only
slightly below the physiological range reported for healthy
subjects (25-50 pmol/L), it cannot be deduced from these
studies that diabetes is associated with carnitine deficiency.

Mechanisms of action of carnitine on glucose
metabolism

Several mechanisms of action of carnitine have been proposed
to be causative for its beneficial effect on glucose tolerance
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and insulin sensitivity. One important mechanism by which
carnitine improves insulin sensitivity represents enhancement
of mitochondrial oxidation of long-chain acyl-CoAs. Accu-
mulation of long-chain acyl-CoAs and other fatty acid
metabolites impair insulin signaling and therefore contribute
to the development of insulin resistance in skeletal muscle and
heart. Since this effect of carnitine is well documented, the
reader is referred to the literature with regard to this [14, 91,
92]. Other mechanisms of action of carnitine on glucose
homeostasis and insulin sensitivity that will be discussed in
this chapter include (1) modulating the intramitochondrial
acetyl-CoA/CoA ratio and the activity of the pyruvate dehy-
drogenase complex (PDHC), (2) altering expression of gly-
colytic and gluconeogenic enzymes, (3) altering expression of
genes of the insulin signaling cascade, and (4) stimulation of
the IGF-1 axis and IGF-1 signaling cascade. The mechanisms
of carnitine in improving glucose utilization in the heart (5)
and the specific role of PLC (6) in this regard will be discussed
separately at the end of this chapter.

Modulating the intramitochondrial acetyl-CoA/CoA
ratio and the activity of the PDHC

A large body of evidence suggests that carnitine and its
derivatives ALC and PLC enhance glucose utilization by
stimulating the activity of PDHC [93], which is a key
enzymatic complex in glucose oxidation, because intra-
mitochondrial acetyl-CoA can be converted with carnitine

into ALC via the carnitine acetyltransferase that is then
transported out of the mitochondria. Therefore, carnitine
strongly reduces intramitochondrial acetyl-CoA levels
resulting in a 10- to 20-fold decrease in the acetyl-CoA/
CoA ratio [43, 94, 95]. This mechanism of action of car-
nitine and ALC is supposed to be responsible for the
enhancement of glucose utilization in both healthy and type
2 diabetic subjects [27, 28, 33, 96]. However, Mingrone
et al. [27] suggested that stimulation of oxidative glucose
utilization following carnitine infusion occurs only in dia-
betic patients, in which PDHC activity is depressed and
thus restored to normal by carnitine administration. In
contrast, in healthy subjects where PDHC activity is nor-
mal, the increased glucose uptake following carnitine
administration is supposed to cause glycogen accumulation
in the cells [27]. The latter assumption from Mingrone
et al. [27] is supported by findings from Stephens et al.
[97], which also observed that i.v. carnitine administration
during euglycemic hyperinsulinemic clamp (EHC) condi-
tions in healthy young men elevated muscle glucose uptake
and non-oxidative glucose disposal (as indicated by an
elevated muscle glycogen content) but inhibited glucose
oxidation at the level of PDHC, probably due to a carni-
tine-mediated increase in fatty acid oxidation. Evidence for
a preferred use of fatty acids and a decreased use of glucose
as energy source in carnitine-supplemented subjects was
also provided from another study with healthy young male
adults [98]. Moreover, indications for a stimulation of non-

Table 6 Human studies reporting on the carnitine status in diabetic subjects

Design Carnitine status (plasma free carnitine) Refs.
Diabetic patients versus healthy volunteers (control) Control: 35 pumol/L [85]
Diabetic patients: 21 pmol/L (P < 0.05 vs. control)

Type 1 diabetic children versus control Reduced (P < 0.05 vs. control) [86]
Type 2 diabetic women [87]

Without (control; n = 18) Control: 53.4 umol/L

With retinopathy Retinopathy: 39.0 pmol/L (P < 0.05 vs. control)

With hyperlipidemia Hyperlipidemia: 39.6 pmol/L (P < 0.05 vs. control)

With neuropathy Neuropathy: 40.4 pmol/L (P < 0.05 vs. control)
Type 2 diabetic patients [88]

Without complications (control, n = 15) Control: 58.1 pmol/L

With retinopathy (n = 20) Retinopathy: 34.2 pmol/L (P < 0.05 vs. control)

With hyperlipidemia (n = 13) Hyperlipidemia: 34.9 pmol/L (P < 0.05 vs. control)

With polyneuropathy (n = 20) Polyneuropathy: 35.7 pmol/L (P < 0.05 vs. control)
Type 1 diabetic patients versus healthy controls Reduced (P < 0.05 vs. control) [89]
Type 2 diabetic patients Not different from control [83]
Type 1 diabetic subjects versus normal subjects (controls) Not different from control (48.2 vs. 48.7 umol/L) [84]
Diabetic children [90]

Without ketosis (control)
With ketosis
With ketoacidosis

Control: 50.0 umol/L
With ketosis: 29.7 pmol/L
With ketoacidosis; 24.6 pmol/L
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oxidative glucose disposal in response to i.v. carnitine
during an EHC in healthy adults were also provided from
another group [99]. An important difference between
studies reporting a stimulation of muscle PDHC activity
following carnitine administration and the study of Ste-
phens et al. [97] is that in the latter study, a combined
infusion regime with both carnitine and insulin was applied
to increase muscle carnitine content. According to a recent
study from the same group [100], i.v. carnitine adminis-
tration for 5 h failed to increase muscle carnitine content in
healthy subjects, even though plasma carnitine concentra-
tion was maintained at a supra-physiological concentration
of about 500 pumol/L by carnitine infusion. This observa-
tion casts the contention into doubt that oral or i.v. carni-
tine supplementation can increase muscle carnitine content
in healthy subjects. Stephens et al. [100] clearly showed
that the muscle carnitine content could be elevated only
when the carnitine infusion-mediated hypercarnitemia was
maintained in the presence of hyperinsulinemia. Based on
the findings of Stephens et al. [100], a mechanism
involving hyperinsulinemia-induced stimulation of OCTN2
gene transcription in skeletal muscle that is secondary to
the action of insulin on increasing sarcolemmal Na*/K™*-
ATPase pump activity, and thus intracellular Na® flux
[101], is responsible for the elevation of muscle carnitine
content. To sum up, modulation of PDHC activity is
probably an important mechanisms through which carni-
tine exerts an effect on whole body glucose homeostasis.
However, whether carnitine has a stimulatory or inhibitory
effect on PDHC activity is probably dependent on several
factors including the metabolic and health status (e.g.,
normo-insulinemic vs. hyperinsulinemic) of the subjects.

Altering expression of glycolytic and gluconeogenic
enzymes

A further mechanism explaining improvement of glucose
tolerance with carnitine supplementation is modulation of
expression of glycolytic and gluconeogenic enzymes.
Ruggenenti et al. [102] suggested from their findings in
insulin-resistant type 2 diabetic patients that oral ALC
supplementation corrects an inappropriate shift in substrate
use from carbohydrates to lipids, which is common in type
2 diabetic patients [103], through modulating the expres-
sion of glycolytic and gluconeogenic enzymes. Indeed, an
earlier study from Hotta et al. [57] using the JVS mouse
model of primary carnitine deficiency revealed that hepatic
transcript levels of glycolytic enzymes such as glucokinase
and pyruvate kinase are reduced, whereas hepatic transcript
level of the gluconeogenic enzyme phosphoenolpyruvate
carboxykinase (PCK1) is increased in this genetic model of
carnitine deficiency. Since carnitine administration restored
these alterations in gene expression to normal levels [57],

these findings are indeed supportive of an effect of carni-
tine on expression of genes involved in glucose metabo-
lism. Further support for this assumption is given by a very
recent study of our group using whole genome DNA
microarray analysis to explore gene regulatory effects of
carnitine in the liver of pigs [104]. This study revealed that
carnitine supplementation increased expression of genes
involved in glucose transport (e.g., GLUTS8), conversion of
glucose into glucose 6-phosphate (hexokinase D), and
glycolysis (e.g., glycerol-3-phosphate dehydrogenase) and
leads to increased glucose oxidation. The DNA microarray
analysis further revealed that genes involved in gluconeo-
genesis (e.g., PCK1, FBP2) were down-regulated in pig
liver by carnitine supplementation [104]. This indicates
that suppression of hepatic gluconeogenesis also contrib-
utes to the positive effect of carnitine on glucose utiliza-
tion. In line with this, a recent study in rats showed that
carnitine is capable of restoring an increase in the activity
of the gluconeogenic enzymes PCKI1 and fructose-1,6-
bisphosphatase isozyme 2 (FBP2) by feeding fructose
[105], which increases the availability of the gluconeogenic
substrates pyruvate, lactate, and glycerol.

Altering expression of genes of the insulin
signaling cascade

It has been suggested recently that the inhibitory effect of
carnitine on gluconeogenic enzyme activities is the con-
sequence of an improvement in the action of insulin [27,
106], which is a known repressor of expression of glu-
coneogenic genes. In line with this, the abovementioned
DNA microarray analysis in liver of pigs [104] revealed
that carnitine supplementation alters the expression of
genes involved in the insulin signaling cascade, like insulin
receptor substrate-2, phosphatidylinositol 3-kinase regula-
tory alpha subunit, and receptor protein-tyrosine kinase
erbB-3 precursor [104]. In addition, Galloway et al. [21]
proposed a direct insulin-like effect of carnitine, based on
their findings that oral carnitine administration caused an
early and low peak glucose concentration in lean subjects
during an oral glucose tolerance test. However, the same
authors also suggested that carnitine supplementation
enhances insulin secretion through maintenance of glucose
or fatty acid oxidation in the pancreatic f-cell by buffering
acyl groups or through generation of glutamate for main-
tenance of ATP/ADP ratio [107]. The role of carnitine as a
stimulator of insulin action is confirmed by the observation
that carnitine administration in healthy volunteers leads to
a stimulation of glucose disposal and oxidation [28]. These
authors suggested that carnitine could exert its action on
glucose metabolism at the insulin receptor level, by
increasing transmembrane glucose transport or at the post-
receptor level, namely the insulin signaling cascade.
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Stimulation of the IGF-1 axis and IGF-1
signaling cascade

Besides stimulating glucose metabolism through altering
the insulin signaling cascade, Molfino et al. [32] suggested
that carnitine may be beneficial to glucose metabolism by
enhancing the regeneration of the endocrine pancreas by
modulating the insulin-like growth factors (IGFs) and IGF
binding proteins. This assumption was based on the
observation that in streptozotocin-induced diabetic rats,
liver IGF-1 mRNA expression is reduced but is restored by
carnitine supplementation [108]. Support for the mecha-
nism proposed by Molfino et al. [32] is given by results
from another DNA microarray experiment performed in
skeletal muscle of piglets [109]. This study showed that
carnitine supplementation alters expression of genes deal-
ing with IGF binding, such as IGF-1 receptor, and
3-phosphoinositide-dependent protein kinase-1. In agree-
ment with this, recent studies in animals and humans
revealed that carnitine influences the IGF axis by increas-
ing plasma concentrations of IGF-1 and IGF-2 [108, 110-
112]. The increase in plasma levels of especially IGF-1 is
considered to be responsible for the phenomenon that
carnitine increases birth weights of piglets born to sows fed
carnitine [113—115], because IGF-1 is a key hormone
favouring placenta development and intra-uterine nutrition
[116, 117]. These findings therefore strongly suggest that
carnitine activates the IGF-1 signaling pathway and that the
latter is possibly linked to the improvement of glucose
tolerance.

Mechanisms of carnitine in improving glucose
utilization in the heart

There is convincing evidence that carnitine exerts a key
role in the regulation of glucose metabolism in the heart,
through binding of acetyl groups, which leads to a
decrease in the intramitochondrial acetyl-CoA/CoA ratio
and a stimulation of PDHC activity [45]. The physio-
logical significance of carnitine in the heart is evident
from clinical studies demonstrating that myocardial car-
nitine deficiency is associated with cardiomyopathy [118,
119] and that carnitine supplementation is beneficial in
restoring tissue levels of carnitine and improving heart
function [118, 120]. Interestingly, improvement of car-
diac function of diabetic or carnitine-deficient hearts is
not due to an improvement in fatty acid oxidation rates
but an increase in overall glucose utilization [43—46].
The observation that myocardial fatty acid oxidation
rates are not stimulated with carnitine has been explained
by a mechanism involving malonyl-CoA inhibition of
fatty acid oxidation in the heart [46]. The latter is
explained by the increase in cytosolic acetyl-CoA in
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response to carnitine that in turn increases malonyl-CoA.
Because malonyl-CoA is a potent allosteric inhibitor of
CPT 1, carnitine indirectly decreases fatty acid f-oxida-
tion through reducing fatty acid entry into the mito-
chondria. In line with this, Schonekess et al. [47]
observed that increasing carnitine levels in hypertrophied
hearts leads to an elevation of malonyl-CoA levels but
not to a stimulation of fatty acid oxidation.

Specific mechanisms of PLC in improving glucose
utilization in the heart

Additional mechanisms explaining the enhancement of
glucose utilization in the heart are probably unique to the
carnitine derivative PLC. Among others, Broderick et al.
[49] suggested that PLC modulates energy metabolism in
the heart, due to its ability to act as an anaplerotic substrate
with the propionyl group entering the tricarboxylic acid
cycle as succinyl-CoA, which thereby stimulates the tri-
carboxylic acid cycle flux. The carnitine moiety released
from this reaction is available as buffer for the intramito-
chondrial acetyl/CoA ratio that in turn could increase the
PDHC activity, thereby, resulting in an improvement of
glucose oxidation and insulin sensitivity in the heart. In
addition, the succinyl-CoA that can enter the tricarboxylic
acid cycle stimulates the utilization of acetyl-CoA derived
from PDHC activity [121] Furthermore, the released car-
nitine moiety can also enhance fatty acid oxidation via
stimulation of the carnitine shuttle system [49], thus, pre-
venting the accumulation of lipid intermediates and
improving insulin sensitivity. Collectively, these observa-
tions strongly suggest that PLC can increase both glucose
and fatty acid oxidation in the heart. Interestingly, these
beneficial metabolic changes induced by chronic PLC
supplementation partially prevent a generalized depression
in mitochondrial respiratory function of the diabetic rat
heart [50]. The subsequently enhanced conversion of
pyruvate to acetyl-CoA may limit the degree of lactacidosis
during ischemia and stimulate glucose oxidation in the
perfused heart—an effect that is supposed to be important
during states of impaired glucose utilization, such as in the
ischemic diabetic heart.

Conclusions and future perspectives

Carnitine supplementation studies in both humans and ani-
mals demonstrate an improvement of glucose tolerance and/
or insulin sensitivity, in particular during insulin-resistant
states. Moreover, the majority of human studies in diabetic
subjects reported diminished plasma free carnitine concen-
trations, even though the levels were still within or only
slightly below the physiological range reported for healthy
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subjects. In contrast, less consistent results are available
from animal studies investigating the association between
carnitine deficiency and glucose intolerance. The majority of
studies dealing with this question could either find no asso-
ciation or even reported that mildronate-induced carnitine
deficiency lowers blood glucose, improves insulin sensitiv-
ity, and protects from diabetic complications. Further studies
are therefore necessary to explain the apparently conflicting
observation that carnitine supplementation but also mildro-
nate-induced carnitine deficiency improves glucose
homeostasis. In view of the abovementioned beneficial
effect of carnitine supplementation on glucose tolerance
during insulin-resistant states, carnitine supplementation
might be an effective tool for improvement of glucose uti-
lization in obese type 2 diabetic patients. The fact that none
of the carnitine supplementation studies in humans reported
any adverse effects even at very high dosages (e.g., 4 g oral
carnitine) indicates that safety concerns with carnitine sup-
plementation are unfounded. Nonetheless, more well-
designed (double-blinded, randomized, placebo-controlled)
and larger-scale clinical trials are required to establish the
efficacy of carnitine supplementation as an adjunctive
treatment for type 2 diabetes.
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