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Abstract

Aims/hypothesis—This study examined the efficacy of supplemental L-carnitine as an
adjunctive diabetes therapy in mouse models of metabolic disease. We hypothesized that carnitine
would facilitate fatty acid export from tissues in the form of acyl-carnitines, thereby alleviating
lipid-induced insulin resistance.

Materials and methods—Obese mice with genetic or diet-induced forms of insulin resistance
were fed rodent chow + 0.5% L-carnitine for a period of 1-8 weeks. Metabolic outcomes included
insulin tolerance tests, indirect calorimetry and mass spectrometry-based profiling of acyl-
carnitine esters in tissues and plasma.

Results—Carnitine supplementation improved insulin-stimulated glucose disposal in genetically
diabetic mice and wild-type mice fed a high-fat diet, without altering body weight or food intake.
In severely diabetic mice, carnitine supplementation increased average daily respiratory exchange
ratio from 0.886 +0.01 to 0.914 +0.01 (p<0.01), reflecting a marked increase in systemic
carbohydrate oxidation. Similarly, under insulin-stimulated conditions, carbohydrate oxidation
was higher and total energy expenditure increased from 172+10 to 210 +9 kJ kg fat-free mass™1
h=1 in the carnitine-supplemented compared with control animals. These metabolic improvements
corresponded with a 2.3-fold rise in circulating levels of acetyl-carnitine, which accounts for 86
and 88% of the total acyl-carnitine pool in plasma and skeletal muscle, respectively. Carnitine
supplementation also increased several medium- and long-chain acyl-carnitine species in both
plasma and tissues.

Conclusions/interpretation—These findings suggest that carnitine supplementation relieves
lipid overload and glucose intolerance in obese rodents by enhancing mitochondrial efflux of
excess acyl groups from insulin-responsive tissues. Carefully controlled clinical trials should be
considered.
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Introduction

In mammals, L-carnitine is a conditionally essential nutrient that can be synthesized
endogenously from lysine and methionine or obtained from the diet, primarily from red meat
[1]. Carnitine serves as essential substrate for carnitine palmitoyltransferase 1, the enzyme
that catalyzes the initial step in the transport of long-chain fatty acids into the mitochondrial
matrix. This well-known essential role of carnitine in fatty acid oxidation has led to 20 years
of weight loss and exercise enhancement experiments. Yet, convincing evidence to show that
carnitine supplementation has favorable metabolic effects in healthy people is still lacking.
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In contrast, carnitine has proven beneficial in circumstances of disease. As early as 1986
dietary carnitine supplementation was shown to reduce concentrations of total lipids and
triacylglycerols in a variety of experimental rat models of hepatic steatosis [2-5]. Moreover,
the foregoing changes in the plasma and hepatic concentrations of various classes of lipids
were found to be inversely related to the carnitine supplementation level, up to a daily dose
of 0.5% L-carnitine [2, 3, 5].

Despite its potential to improve insulin sensitivity, almost all studies on carnitine
supplementation have focused on the role of carnitine in regulating fatty acid oxidation and
lipid metabolism, whereas only a few have examined changes in glucose oxidation.
Although sparse, positive outcomes have been reported in humans. For example, carnitine
infusion during a hyperinsulinaemic—euglycaemic clamp has been shown to improve glucose
disposal [6-10]. Additionally, a study from China [11] and another from Italy [12] found
that carnitine lowered circulating lipids but did not improve fasting glucose levels. A recent
study conducted in Iran [13] reported that dietary carnitine lowered fasting glucose levels,
but increased triacylglycerol levels.

To our knowledge, only two mouse studies have investigated carnitine treatment of diabetes,
both of which reported positive outcomes. One reported that oral administration of a zinc—
carnitine complex lowered the high blood glucose levels and improved glucose tolerance in
KK-AY mice with type 2 diabetes [14]. A more recent study [15] examined the effects of
carnitine in liver-specific carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAML1)-deficient mice. CEACAML regulates insulin action by promoting insulin
receptor-mediated insulin uptake and degradation in a phosphorylation-dependent manner.
In the same study, treatment of liver-specific SS03A CEACAM1-deficient mice with
carnitine reduced plasma NEFA and improved insulin resistance.

The current investigation was undertaken to test our hypothesis that carnitine
supplementation might improve insulin action in obese diabetic mice by facilitating tissue
formation and export of acyl-carnitines. Our findings indicate that carnitine supplementation
increased the actions of insulin in rodent models of metabolic dysfunction. The level of
dietary supplementation used in our study was equivalent to an intake of 2 g L-carnitine/day
for humans, costing less than US$1.00 per day. Should these findings be replicated in
humans, L-carnitine may be a relatively inexpensive adjunctive treatment for type 2 diabetes
and related metabolic disorders.

Materials and methods

Animals and diets

All mice were from breeding colonies maintained at Pennington Biomedical Research
Center. Experimental procedures involving mice were approved by the Pennington
Biomedical Research Center Institutional Animal Care and Use Committee. All mice were
fed Purina Rodent Chow no. 5015 (Purina Mills, St Louis, MO, USA) prior to being fed the
semi-purified diets with or without 0.5% L-carnitine. Free access to food and water were
provided.
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In experiment 1 we used beta actin promoter agouti mice (BAP-agouti), an obese diabetic
mouse model, generated and maintained on the FVB/N background and carrying a transgene
with the beta actin promoter driving the expression of agouti, resulting in agouti expression
in all tissues [16]. The widespread ectopic expression of agouti in these transgenic mice
recapitulates the dominant mutations at the Agoutilocus collectively known as the yellow
obese syndrome [16]. Two weeks prior to the first insulin sensitivity test, 8-month-old mice
were switched from the Purina chow diet to a semi-purified diet (D12450B; Research Diets,
New Brunswick, NJ, USA) consisting of: 10% of energy from fat, 20% of energy from
protein, 70% of energy from carbohydrate. After baseline values were established, the
experiment was carried out as outlined in Table 1.

The mice used in experiment 2 were on a mixed Black Swiss/129 background.
Approximately 40 male mice between 4 and 5 months of age were fed a semi-purified diet
(10% of energy from fat, 20% of energy from protein, 70% of energy from carbohydrate;
Research Diets) for 2 weeks and screened for impaired glucose tolerance (i.e. blood glucose
values greater than 20 mmol/l 60 min after i.p. glucose [2 mg/kg body weight]). Eight mice
were identified as glucose-intolerant and baseline insulin sensitivity and glucose tolerance
tests were performed in them. The mice were then placed on the carnitine-supplemented diet
for 1 week.

In a third model of insulin resistance, 6-week-old male C57BL/6J mice were fed a high-fat
diet (45% of energy from fat, 20% of energy from protein, 35% of energy from
carbohydrate; Research Diets) +0.5% L-carnitine for 8 weeks.

Insulin sensitivity

The mouse models used in experiments 1 and 2 are affected by severe insulin resistance,
which is evidenced by their failure to reduce blood glucose levels even when challenged
with extremely high insulin doses. Based on preliminary experiments to optimize insulin
tolerance tests in these mice, a high dose of 1 U per mouse was chosen for evaluation of the
glucose-lowering properties of L-carnitine supplementation. In contrast, the high fat-fed
mice exhibited a more moderate form of insulin resistance and insulin tolerance tests were
performed with a lower dose of 1 U/kg body weight.

Indirect calorimetry

Obese diabetic BAP-agouti mice were fed the semi-purified diet +0.5% L-carnitine (see
above) for 4 weeks prior to indirect calorimetry. During this time, food intake and body
weight were measured every other day and body composition was measured weekly. Indirect
calorimetry was then performed as previously described [17] using a 16-chamber Oxymax
system (Columbus Instruments, Columbus, OH, USA). Mice were acclimatized to the
system for 3 days prior to measurement. After 2 days of measurements, the mice were given
an i.p. bolus of insulin (1 U per mouse) at 07.00 h for the final day of measurements.
Periodic movements were measured by a motion detector in the system to estimate physical
activity throughout the indirect calorimetry study. Energy expenditure (kJ kg fat-free mass
[FFM] 1 h~1) was calculated using oxygen consumption (VO,) and the following equation:
EE = (V02 % [3:815 + {1:232 x RER}] % 4:1868)/kg FFM, where EE is energy expenditure
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and RER is respiratory exchange ratio. RER, VO, and energy expenditure data were
analyzed as 2-h blocks.

Whole homogenate preparation

Mice were killed by cervical dislocation and tissues were either used immediately or frozen
in liquid nitrogen for storage at —80°C. Approximately 50 mg fresh red and white
gastrocnemius muscle and liver were immediately placed into ice-cold modified sucrose
EDTA medium (SET) on ice containing 250 mmol/I sucrose, 1 mmol/l EDTA and 10 mmol/Il
Tris—HCI, pH 7.4. Tissue samples were minced thoroughly with scissors and then additional
SET buffer was added to achieve a 20-fold diluted (weight/volume) suspension. The minced
samples were homogenized in a Potter-Elvehjem glass homogenizer (Fisher Scientific,
Waltham, MA, USA) at ten passes across 30 s at 1,200 rev/min with a motor-driven Teflon
pestle.

Pyruvate dehydrogenase activity

Pyruvate dehydrogenase (PDH) activity was determined in the fresh red and white
gastrocnemius muscle and liver homogenates by measuring 14CO, produced from [1]
pyruvic acid. We pre-incubated 40 ul of 20-fold diluted tissue homogenates in an
atmosphere of 95% O, and 5% CO, at 30°C for 15 min. Next 160 pl of reaction mixture (pH
7.4) was added to the pre-incubated muscle homogenates. Final concentrations of the
incubation mixture were (in mmol/l): sucrose, 100; Tris—HCI, 10; potassium phosphate, 5;
potassium chloride, 80; magnesium chloride, 1; malate, 0.1; ATP, 2; coenzyme A (CoA),
0.05; dithiothreitol, 1; EDTA, 0.2; and bovine serum albumin, 0.3%. The substrate used was
10 mmol/l [1] pyruvic acid (1,800 Bq). After 60 min of incubation at 30°C, 100 ul of
sulphuric acid (4 mmol/l) was injected to stop the reaction and evolve CO, from the
incubation media. CO, produced during the 60-min incubation was trapped with 200 pl of 2
mol/l sodium hydroxide. Trapped 14CO, was determined by liquid scintillation counting by
use of 5 ml liquid scintillation cocktail.

Acyl-carnitine measurement

Soleus muscle, liver, adipose tissue and plasma samples were removed from obese diabetic
BAP-agouti mice in the fed state. Acyl-carnitines were measured at the Metabolomics and
Biomarker Core Facility at Duke University. Briefly, plasma and tissue extracts were
processed as previously described [18, 19] and analyzed by direct-injection electrospray
tandem mass spectrometry, using a Quattro Micro LC-MS system (Waters-Micromass,
Milford, MA, USA) equipped with an HTS-PAL autosampler (Leap Technologies, Carrboro,
NC, USA), an 1,100 HPLC solvent delivery system (Agilent Technologies, Santa Clara, CA,
USA) and a data system running MassLynx software (Waters-Micromass).

Measurement of NEFA, g-hydroxybutyrate, lactate and glycerol

Plasma levels of NEFA and B-hydroxybutyrate were measured using kits (Wako Chemicals,
Richmond, VA, USA). Plasma levels of lactate were measured using a kit (Instruchemie,
Delfzijl, The Netherlands). Glycerol was measured in deproteinised, neutralised medium
extracts [20] according to the enzymatic method of Laurell and Tibbling [21].
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Statistical analysis

Results

All data presented are mean+SEM. Statistical analysis of studies comparing genotype and
diet used a two-way ANOVA, followed by all pair-wise multiple comparison procedures
(Student—-Newman—Keuls test). Statistical analysis used SigmaStat for Windows version
2.03 (SPSS, Chicago, IL, USA). For studies comparing two groups, statistical analysis used
the Student’s #test.

Effects of carnitine supplementation on insulin sensitivity

The efficacy of carnitine supplementation as an adjunctive diabetes therapy was tested in
three different models of insulin resistance: (1) an obese diabetic transgenic mouse model,
(BAP-agouti) [16]; (2) out-bred mice on a mixed Black Swiss/129 background fed a rodent
diet with moderate fat content (10% energy as fat); (3) C57BL/6J fed a high-fat diet (45%
energy as fat) for 8 weeks, representing diet-induced obesity.

The BAP-agouti mice are obese (50 g body weight and 30% body fat) (Table 1) and become
severely diabetic, with blood glucose levels rising above 30 mmol/I following a glucose
tolerance test. These mice are remarkably unresponsive to insulin administration (i.e. no
significant change in blood glucose following 1 U insulin per mouse) (Fig. 1a). After 3
weeks of 0.5% L-carnitine supplementation insulin-stimulated glucose disposal improved,
with glucose values dropping to near 5 mmol/l (Fig. 1a). Following carnitine
supplementation, the mice were then placed back on the non-supplemented diet for 3 weeks
and insulin-stimulated glucose disposal reverted to an intermediate level. After 6 weeks
without supplementation, insulin sensitivity reverted to a diabetic state. Notably, however,
one additional week of carnitine supplementation restored insulin sensitivity. This second
round of supplementation reduced basal glucose levels, suggesting that prolonged carnitine
therapy might attenuate diabetes-associated increases in hepatic glucose production. Body
weight and composition did not change during the 12-week study (Table 1), suggesting that
carnitine did not alter food intake.

This first experiment clearly demonstrated that dietary carnitine improved insulin-stimulated
glucose disposal in an obese diabetic mouse model. We next tested the ability of carnitine to
improve glucose disposal in out-bred mice. Approximately 40 male mice between 4 and 5
months of age were screened for impaired glucose tolerance as described in Materials and
methods. In eight mice that were identified as glucose intolerant, carnitine supplementation
improved glucose disposal, consistent with the outcome in the obese transgenic mice (Fig.
1b). In this second cohort of mice carnitine supplementation decreased basal glucose levels,
again implying that hepatic insulin sensitivity may have improved with the intervention.
Body weight was unchanged by carnitine supplementation (data not shown). Importantly,
these results demonstrate that the salutary actions of L-carnitine were not limited to the
transgenic mice.

The effects of dietary carnitine supplementation were next tested in inbred C57BL/6J mice
that are susceptible to obesity and diabetes when fed a high-fat diet. Six-week-old male
C57BL/6J mice were fed a high-fat diet £0.5% L-carnitine for 8 weeks. Final body weight
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was not different between the non-supplemented group (34.7£0.7 g) and the L-carnitine-
supplemented group (32.9+1.0 g). Daily food intake, measured in the final week of the
experiment, was similar between the non-supplemented group (4.7£0.3 g/day) and the L-
carnitine-supplemented group (4.9+0.4 g/day). C57BL/ 6J mice receiving carnitine
supplementation were partially protected against the development of diet-induced insulin
resistance (Fig. 2). Plasma levels of NEFA, B-hydroxy-butyrate, glycerol and lactate were
similar between the non-supplemented and carnitine-supplemented mice after 8 weeks on
the high-fat diet (data not shown). In aggregate, results from these initial experiments
demonstrated that carnitine supplementation effectively improved insulin-stimulated glucose
disposal in three distinct rodent models of insulin resistance.

Effects of carnitine supplementation on substrate utilization

In a fourth study, obese diabetic BAP-agouti mice were fed a semi-purified diet—0.5% L-
carnitine for 4 weeks and indirect calorimetry was used to determine the effects of carnitine
supplementation on substrate utilization and energy expenditure as described in Materials
and methods. Basal carbohydrate oxidation was higher in the carnitine-supplemented group
(average daily RER 0.886+0.01 in control group, 0.914 + 0.01 in carnitine-supplemented
group; p<0.01) (Fig. 3b). Immediately upon insulin administration, the RER rose quickly to
values near 1.0 in the carnitine-supplemented group, but remained below 0.9 in the non-
supplemented group. However, during the later post-insulin phase RER dropped to similarly
low levels in both groups, suggesting increased fat oxidation due to rebound hypoglycaemia.

Total energy expenditure over 24 h tended to be higher in the carnitine-supplemented mice,
although the difference between groups did not reach statistical significance. However, in the
period following insulin administration, total body energy expenditure increased in the
carnitine-supplemented compared with control mice (172+10 vs 210+9 kJ kg FFM~1 h71;
p<0.01). Physical activity was unchanged in the carnitine-supplemented group compared
with the control group. The increased energy expenditure in the carnitine-treated animals in
response to insulin was probably caused by increased insulin sensitivity and subsequent
glucose oxidation. Taken together, these data clearly demonstrate that in obese diabetic mice
supplemental carnitine improves insulin-stimulated glucose utilization and the abnormalities
of fuel metabolism that are typical of type 2 diabetes.

Effects of carnitine supplementation on acyl-carnitine concentrations

Our hypothesis predicted that increased carnitine in the diet might improve glucose
metabolism by sequestering excess acyl moieties. Tandem mass spectrometry was used to
analyze 36 independent acyl-carnitine species ranging in size from two to 22 carbons in
extracts from plasma, liver, skeletal muscle (soleus) and white adipose tissue (inguinal) of
non-diabetic mice, type 2 diabetic mice (BAP-agouti transgenic mice) and type 2 diabetic
mice supplemented with carnitine for 3 weeks (Fig. 4; Electronic supplementary material
[ESM] Tables 1 and 2). The skeletal muscle content of most acyl-carnitine species tended to
be lower in the diabetic than in nondiabetic mice, but on the whole changes in total acyl-
carnitines did not achieve statistical significance (p=0.08) (Fig. 4, ESM Table 1). Acetyl-
carnitine accounted for 86% of the total skeletal muscle acyl-carnitine pool and was reduced
by 25% in the type 2 diabetic mice (p=0.08). Carnitine supplementation increased skeletal
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muscle acetyl-carnitine content 75% (p<0.01), thus restoring levels in diabetic mice to those
observed in their non-diabetic counterparts. Additionally, skeletal muscle acyl-carnitines as a
whole were significantly elevated in the carnitine supplemented type 2 diabetic mice
(p<0.01) when compared with the non-supplemented type 2 diabetic mice. Acyl-carnitine
content in liver was similar between diabetic and control animals, but several species were
elevated by carnitine supplementation. In adipose tissue, several of the short/odd-chain and
dicarboxylic species were decreased by diabetes, whereas the long-chain acyl-carnitines
were dramatically elevated in the diabetic state. Similar to skeletal muscle, carnitine
supplementation increased most acyl-carnitine species in adipose tissue (Fig. 4).

The most striking finding was the effect of carnitine supplementation on circulating acyl-
carnitines (Fig. 4, ESM Table 1). Plasma levels of most acyl-carnitine species increased in
response to carnitine supplementation, and the magnitude of these systemic increases was
much greater than in tissues. For instance, plasma acetyl-carnitine concentration, which was
approximately 700 pmol/100 pl before supplementation, increased more than twofold after
supplementation. The robust changes in plasma acyl-carnitine levels, relative to those
measured in tissues, implies efficient export of these metabolites from the source tissues into
the general circulation.

PDH plays a key role in shifting mitochondrial substrate selection between glucose and fatty
acids. When PDH is active, the acetyl-CoA entering the tricarboxylic acid cycle for ATP
production is derived primarily from glucose. Conversely, high rates of fatty acid p-
oxidation lead to a rise in mitochondrial acetyl-CoA concentration, which in turn inhibits
PDH activity and glucose oxidation. Because supplemental carnitine promoted glucose
oxidation in diabetic mice, we reasoned that the improvements in glucose disposal might be
related to an increase in PDH activity. To address this possibility, we examined the effect of
carnitine on PDH activity in red and white skeletal muscle as described in the Materials and
methods section. Addition of 0.5 mmol/l carnitine to the assay buffer increased PDH activity
in red and white skeletal muscle (Fig. 5). Carnitine-induced stimulation of PDH activity has
also been reported in isolated human skeletal muscle mitochondria [22].

Discussion

Considerable evidence supports the notion that elevated circulating NEFA lead to ectopic
accumulation of lipids in skeletal muscle and liver. In addition, numerous studies have
demonstrated a strong association between tissue triacylglycerol content and the
pathogenesis of insulin resistance [23-26]. Rather than acting as a direct insulin-
desensitizing mediator, intramuscular triacylglycerol is thought to serve as a marker and/or
precursor of other lipid metabolites that impede insulin signaling. Leading candidate
molecules include the long-chain fatty acyl CoAs, which have been shown to activate protein
kinase C theta [27], resulting in serine phosphorylation and subsequent inhibition of IRS-1
tyrosine phosphorylation. Long-chain CoAs are also precursors of diacylglycerols and
ceramide. Diacylglycerol levels are elevated in many models of insulin resistance [28] and
directly activate protein kinase C [29-32]. Ceramides activate a protein phosphatase that
dephosphorylates AKT/protein kinase B, resulting in inhibition of GLUT4 translocation and
glycogen synthesis [33, 34]. Thus, strong evidence suggests that intramuscular long-chain
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CoA accumulation is detrimental to insulin signaling. Accordingly, treatments that lower
long-chain CoA accumulation, such as carnitine, would be expected to improve insulin
sensitivity.

More than four decades ago, Randle [35] proposed that increased fatty acid oxidation
inhibits glucose oxidation in part due to the intramitochondrial accumulation of acetyl-CoA.
High intramitochondrial acetyl-CoA concentrations activate pyruvate dehydrogenase kinase,
which in turn phosphorylates PDH, rendering the enzyme less active. Through metabolic
conversions that have been well-characterized, intramitochondrial acetyl-CoA can be
oxidized via the tricarboxylic acid cycle or transported into the cytosol as citrate.
Alternatively, the CoA moiety of the acetyl unit can be exchanged for a carnitine via the
action of carnitine acetylransferase, an enzyme present in the mitochondrial matrix. The
product of this under-appreciated reaction, acetyl-carnitine, can then be transported out of
the mitochondria. Indeed, in vitro experiments have demonstrated that addition of carnitine
to isolated mitochondria decreases the acetyl-CoA:CoA ratio [36, 37] and increases PDH
activity [22].

In the present study, carnitine supplementation significantly increased both tissue and
plasma acetyl-carnitine levels in type 2 diabetic mice (Fig. 4). Carnitine supplementation
also increased basal and insulin-stimulated whole-body RER (Fig. 2) as well as PDH activity
(Fig. 5). Therefore, it is possible that high levels of carnitine short-circuit the Randle cycle
by sequestering inhibitory acetyl-CoA units as acetyl-carnitine and concomitantly increasing
free CoA levels. Lowering of the mitochondrial acetyl-CoA:CoA ratio would then favor
glucose oxidation (Fig. 6). Surprisingly, plasma levels of NEFA, B-hydroxybutyrate,
glycerol and lactate were not significantly different between the non-supplemented and
carnitine-supplemented mice after 8 weeks on the high-fat diet. Thus, at least in the diet-
induced obesity model, the underlying mechanism of action appears unrelated to whole-
body fatty acid oxidation. Recent evidence suggests that mitochondrial fatty acid overload,
resulting in incomplete p-oxidation and intramuscular accumulation of ‘lipo-toxic
metabolites,” might contribute to mitochondrial dysfunction and insulin resistance [27, 38].
Thus, carnitine-mediated sequestering of toxic lipid metabolites may have benefited both
mitochondrial performance and insulin signaling.

The well-known essential role of carnitine in permitting long-chain fatty acid oxidation has
prompted 20 years of weight loss and exercise performance studies to examine the potential
metabolic benefits of this nutrient. Yet this rather large body of literature still lacks
convincing evidence of measurable gains in healthy individuals. The positive effects of
carnitine supplementation observed in the current experiments suggest that chronic
metabolic stress can result in secondary carnitine deficiency, particularly in skeletal muscle.
This contention is further supported by our finding that most acyl-carnitine species in
skeletal muscle were reduced under the severe diabetic conditions of the agouti transgenic
mice, which was not the case in plasma, liver or white adipose tissue. Perhaps a persistently
high fatty acid burden on muscle mitochondria eventually exhausts the tissue’s free carnitine
pool, in a failed attempt to detoxify the accumulating lipid metabolites. In mammals,
carnitine can be synthesized endogenously from lysine and methionine or obtained from the
diet, primarily from red meat [1]. Additionally, diabetic renal dysfunction may also
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contribute to secondary carnitine deficiency, because the kidneys are not only responsible for
reabsorption, but also serve as a major site of carnitine biosynthesis. Moreover, excretion of
acyl-carnitines is increased in type 2 diabetes [39]. Thus, a number of factors (poor diet,
decreased carnitine synthesis, increased tissue acyl-carnitine synthesis and increased urinary
excretion) may lead to a secondary carnitine deficiency in diabetic subjects.

Most carnitine research has focused on carnitine palmitoyl transferase and long-chain fatty
acid oxidation. However, short-chain acyl-carnitines (6C or less) are the most abundant acyl-
carnitines, constituting 99% of the total acyl-carnitines in skeletal muscle, 95% in plasma,
96% in white fat and 93% in liver. Given the overwhelming abundance of these species,
more attention to metabolism of short-chain CoAs and the precise function of carnitine
acetyl transferase appears warranted. Also worth consideration is the possibility that
carnitine acts through mechanisms that are independent of this putative detoxifying role
and/or that acyl-carnitines themselves function as signaling molecules.

In summary, we have shown that carnitine supplementation can produce dramatic
improvements in whole-body glucose homeostasis in multiple mouse models of obesity and
diabetes. L-Carnitine is a US Food and Drug Administration-approved nutraceutical
treatment for inborn mitochondrial disorders; however, little consideration has been given to
its potential use as an adjunctive diabetes therapy. Notably, growing evidence implicates
mitochondrial dysfunction as a central component of both acquired and inherited forms of
insulin resistance [25]. In light of this emerging viewpoint, perhaps type 2 diabetes should
be approached as yet another mitochondrial disorder that requires carnitine supplementation.
Carefully controlled clinical trials are now warranted.
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CoA coenzyme A
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PDH pyruvate dehydrogenase

RER respiratory exchange ratio

SET sucrose EDTA medium

VO, oXxygen consumption
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Fig. 1.
Effects of dietary carnitine supplementation on blood glucose levels following insulin

administration. a Transgenic, BAP-agouti obese diabetic mice (/7=15) were fed a semi-
purified diet and given an insulin sensitivity test as described in Materials and methods
section. The mice were then placed on the same diet containing 0.5% L-carnitine for 3
weeks and the insulin sensitivity test was repeated. The mice were returned to the
unsupplemented diet for 6 weeks and insulin sensitivity was measured at 3 weeks (3-week
wash-out) and 6 weeks (6-week wash-out). The mice were then placed back on the L-
carnitine-supplemented diet for 1 week until final insulin sensitivity test. Closed diamond,
beginning; closed square, first carnitine supplementation; gpen square, second carnitine
supplementation; closed triangle, 3-week washout; open triangle, 6-week wash-out. b Wild-
type mice on a mixed Black Swiss/129 background (/7=8) were fed a semi-purified diet and
given an insulin sensitivity test as described in Materials and methods. The mice were then
placed on the same diet containing 0.5% L-carnitine for 1 week and the insulin sensitivity
test was repeated. Values are mean£SEM. * p<0.05 for difference from non-supplemented
mice. Closed diamond, non-supplemented diet; c/osed square, diet supplemented with 0.5%
L-carnitine
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Fig. 2.
Effects of dietary carnitine supplementation on the development of insulin resistance in mice

fed high-fat diets. a Six-week-old C57BL/6 male mice were fed a diet containing 10% of
energy from fat for 1 week before baseline insulin sensitivity was assessed. b The mice were
then switched to a high-fat diet (45% energy) —0.5% L-carnitine for 8 weeks and insulin
sensitivity was re-assessed. Values are mean+SEM, =8 per group. * p<0.05 for difference
from non-supplemented mice. Closed diamonds, non-supplemented diet; c/osed squares, diet
supplemented with 0.5% L-carnitine
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24 h light-dark cycle Insulin bolus

Effects of carnitine supplementation on substrate utilization, measured in terms of energy
expenditure (EE) (a), RER (b) and activity (c). Transgenic, BAP-agouti obese diabetic mice
were fed a semi-purified —0.5% L-carnitine diet for 4 weeks as described. The mice were
then placed in the Oxymax CLAMS system for a 3-day acclimatization period, before
measurements began. After 2 days of measurements the mice were given an i.p. bolus of
insulin (1 U per mouse) at 07.00 hours for the final day of data collection. Values are mean
+SEM. Filled squares, control group, n=7; filled circles, carnitine group, n=8
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Effect of carnitine supplementation on acyl-carnitine concentrations in plasma (a), soleus
muscle (b), liver (¢) and white adipose tissue (d). Acyl-carnitines were measured by tandem
mass-spectrometry in tissues from lean non-diabetic mice (control, white bars), transgenic
(BAP-agouti, black bars) obese diabetic mice and transgenic (BAP-agouti, grey bars) obese
diabetic mice + dietary 0.5% L-carnitine as described in Materials and methods. Data are
means£SEM. n=5 per group. ** p<0.01 for difference from control mice. # p<0.01 for
difference from diabetic mice. SCAC, short-chain acyl-carnitine (C2-C6); MCAC, medium-

chain acyl-carnitine (C8-C12); LCAC, long-chain acyl-carnitine (C14-C22)

Diabetologia. Author manuscript; available in PMC 2017 November 13.

LCAC



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Power et al.

V1

PDH activity
(nmol mg protein ' h™)

Page 17

600

500

1

400 -

300

200 - =
100 +
0 |
— Carnitine + Carnitine

Fig. 5.

Effects of carnitine on pyruvate dehydrogenase activity. PDH activity was assessed in red
and white skeletal muscle £0.5 mmol/l L-carnitine as described in Materials and methods.
Black bars, red muscle; grey bars, white muscle. ** p<0.01 for difference from control

group
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Potential mechanisms for carnitine’s effects on insulin sensitivity. Increased lipid supply to
skeletal muscle results in an accumulation of long-chain acyl-CoA (LC-COA),
diacylglycerols (DAG), ceramides and acetyl-CoA, which are potent inhibitors of insulin
signaling and glucose oxidation. LC-COA and DAG can activate protein kinase C (PKC)
theta, resulting in serine phosphorylation and subsequent inhibition of IRS-1 tyrosine
phosphorylation. Ceramides activate protein phosphatase that dephosphorylates AKT/
protein kinase B (PKB) resulting in inhibition of GLUT4 translocation. Acetyl-CoA
activates pyruvate dehydrogenase kinase (PDK), which inactivates pyruvate dehydrogenase
(PDH) by phosphorylation. Supplemental carnitine will sequester the acyl moieties and

improve insulin signaling and glucose oxidation
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