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Summary

Studies in humans and animals demonstrate that “lipid over supply” causes or worsens insulin 

resistance via multiple mechanisms involving the accumulation of intracellular lipids in multiple 

tissues. In particular, the accumulation of fatty acyl CoA derivatives/metabolites in muscle inhibits 

both insulin signaling and glucose oxidation. Therefore agents that ameliorate the accumulation of 

fatty acyl CoA derivatives and/or their metabolites would be beneficial in the treatment or 

prevention of insulin resistance and T2D.

Hyperinsulemic/euglycemic clamp studies in humans and carnitine supplementation studies in 

rodents provide “proof-of-concept” that carnitine is effective at improving insulin-stimulated 

glucose utilization and in reversing abnormalities of fuel metabolism associated with T2D.

Carefully controlled clinical trials are warranted to determine the efficacy dietary carnitine 

supplementation as an adjunctive treatment for type 2 diabetes.
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Introduction

Considerable evidence supports the idea that the over supply of dietary fat exceeds the 

storage capacity of adipose tissue and leads to the ectopic accumulation of lipids resulting in 

a ‘metabolic stress’ in skeletal muscle, liver and possibly other tissues leading to insulin 

resistance [1–4]. However, despite intense investigation, the precise signalling events leading 

to fatty acid induced-insulin resistance are equivocal. One prevailing theory is that lipid over 

supply leads to the accumulation of diacylglycerol and fatty acyl-CoA, which are directly 

linked to defects in insulin signalling. Both long-chain fatty acyl CoAs and diacylglycerol 

activate protein kinase C theta [5], which increases serine phosphorylation with subsequent 

inhibition of IRS-1 tyrosine phosphorylation [6,7]. Another hypothesis is that long-chain 

acyl-CoA are also precursors for ceramide. Ceramide activates a protein phosphatase that 

dephosphorylates Akt/PKB resulting in inhibition of GLUT4 translocation and glycogen 

synthesis [8,9], and it has been reported that inhibition of ceramide synthesis ameliorates 
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insulin resistance [10]. Recent work suggests that the lipid over supply leads to the 

accumulation of incompletely metabolized fatty acids in the mitochondria causing 

‘mitochondrial stress’ leading to insulin resistance [11–13]. Despite the lack of a consensus 

mechanism, it is clear that fatty acid over supply leads to ectopic accumulation of several 

lipid metabolites that are detrimental to insulin signalling. Logically, treatments, such as 

carnitine, that can reduce the lipid metabolites should improve insulin sensitivity. Carnitine 

is a conditionally essential nutrient that enables mitochondrial import and export of acyl-

CoAs. Carnitine is essential for fatty acid transport into the mitochondria (Figure 1). A 

second and potentially critical role of carnitine is to increase acyl and acetyl group efflux out 

of the mitochondria and into the plasma (as acyl-carnitines and acetyl-carnitine) reducing the 

accumulation of the intermediate products of beta-oxidation. The carnitine hypothesis 

(Figure 2) states that carnitine will reduce lipid metabolites within skeletal muscle via 

increased oxidation and increased export and that this reduction in lipotoxicity will lead to 

an increase in insulin signalling and improve mitochondrial capacity.

Previous studies

Hyperinsulinaemic–euglycaemic clamp studies provide some of the most convincing 

evidence on the effects of L-carnitine on glucose disposal [14–20]. Ferrannini et al. reported 

that during a hyperinsulinaemic–euglycaemic clamp in healthy volunteers, intravenous LC 

infusion caused a significant 17% increase of whole body glucose utilization. The 

enhancement of total glucose metabolism was quantitatively accounted for by a 50% 

increase in non-oxidative glucose disposal [16]. Again in healthy volunteers, Stephens et al. 
[19,20] reported a 30% increase of glycogen and a 40% decrease of lactate contents in the 

muscle biopsies of LC-infused group at the end of a clamp study and calculate whole body 

muscle glycogen content to be 250 g greater in the LC group. This study, along with 

Ferrannini et al., suggests that an increase in muscle LC concentration may divert muscle 

glucose uptake towards glycogen storage in healthy subjects. There is also in vitro evidence 

indicating that increased fatty acid oxidation benefits glucose uptake and storage [21,22]. 

Over expression of carnitine palmitoyltransferase I in L6 myotubes increases oxidation of 

the long-chain fatty acids and increases insulin stimulation of glucose incorporation into 

glycogen by 60%.

In another clamp study, Mingrone et al. [18] reported whole body glucose uptake and 

glucose storage were higher with LC administration in both healthy controls and type 2 

diabetic subjects, but glucose oxidation was increased only in the type 2 diabetes (T2D) 

group. Plasma lactate levels were also decreased in the T2D group with carnitine infusion. 

Likewise, Capaldo et al. [14] found a 16% increase in glucose disposal with carnitine 

infusion in diabetic subjects. In a study by De Gaetano et al. [15], healthy human volunteers 

were subjected to an intravenous glucose tolerance test, together with indirect calorimetry 

after a bolus of glucose plus LC or a bolus of glucose plus saline. Calorimetry showed a 

significant increase in respiratory quotient, resulting from a significant increase in 

carbohydrate oxidation rate during carnitine administration. There is one recent study, from 

Gonzales-Ortiz et al. [23], reporting no significant effects on supplemental carnitine on 

glucose disposal. However, the study consisted of three male and three female diabetic 

subjects/group and was woefully underpowered, and there appears to be either procedural 

Mynatt Page 2

Diabetes Metab Res Rev. Author manuscript; available in PMC 2017 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



problems with the clamp itself or experimental design because there is a 30% increase in the 

M-value for the control group during the 4-week trial.

As far as we know, there are three human studies with carnitine as a dietary supplement in 

relation to glycaemic control. One study from China [24] and one from Italy [25] found that 

carnitine lowered circulating lipids but did not improve fasting glucose levels. Another study 

conducted in Iran [26] reported that dietary carnitine lowered fasting glucose levels, but 

increased triglycerides.

Dietary L-carnitine supplementation on studies in mice

Dietary carnitine supplementation attenuates the development of insulin resistance in mice 

fed high-fat diets without changing food intake or body weight. C57BL/6J mice were fed a 

high-fat (45% of energy from fat, 20% from protein, 35% from carbohydrate) diet ±0.5% L-

Carnitine for 8–12 weeks. Carnitine supplementation increased the ability of insulin to lower 

blood glucose in the carnitine-supplemented mice compared to mice fed the non-

supplemented diet (Figure 3).

The effects of carnitine supplementation on body weight and food intake were also 

measured in C57BL/6J mice fed the high-fat diet ±0.5% L-Carnitine. L-Carnitine 

supplementation did not alter food intake or bodyweight (data not shown), which is 

consistent with our food intake data in a transgenic model (BAP-agouti) for obesity and T2D 

[27]. These mouse data are also consistent with data showing no effect of dietary carnitine 

supplementation on food intake in rats [28,29].

In another study, obese/diabetic 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. Basal carbohydrate 

oxidation was higher in the carnitine-supplemented group [average daily respiratory 

exchange ratio (RER) was 0.886 ± 0.01 in the control group and 0.914 ± 0.01 in the 

carnitine-supplemented group p < 0.01] (Figure 4). 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 simililarly low levels in both groups, suggesting increased fat oxidation due 

to rebound hypoglycermia. Twenty-four-hour total energy expenditure tended to be higher in 

the carnitine-supplemented mice, although the difference between groups did not reach 

statistical significance. Physical activity was unchanged in the carnitine-supplemented group 

compared to controls. Taken together, these data clearly show that supplemental carnitine 

improves insulin-stimulated glucose utilization in obese/diabetic mice and abnormalities of 

fuel metabolism typical of type 2 diabetes.

Dietary carnitine supplementation increases tissue export and urinary excretion of acyl-

carnitines. Using a metabolomic approach, we measured acyl-carnitine species in skeletal 

muscle, liver, white adipose tissue, plasma and urine. There are modest increases in most 

acyl-carnitines in tissues [27], but carnitine supplementation has the greatest impact on 

circulating and urinary levels of acyl carnitines. Short-chain acyl carnitines (C6 or less) were 
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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 [27]. Acetyl-carnitine derives 

from acetyl-CoA and is the most abundant species in tissues, blood and urine. The effects of 

carnitine supplementation on the tissue export of acetyl-carnitine were striking (Figure 5), 

causing a doubling of circulating acetyl-carnitine. In terms of mass, the doubling in 

circulating levels of acetyl-carnitine is higher than the rest of the other acyl-carnitine species 

combined. To determine the fate of the elevated circulating acyl-carnitines, acyl-carnitines 

were also measured in the urine. Similar to plasma, the short-chain acyl carnitines were 

more abundant than the medium and long-chain acyl carnitines in the urine. Carnitine 

supplementation increased acetyl-carnitine excretion by 75-fold (Figure 5). We estimated the 

circulating pool of acetyl-carnitine, by assuming that there is 6 mL blood/100 g bodyweight 

(2.5 mL/40g mouse). We did not measure acyl-carnitines in whole blood, but mouse blood is 

about 50% plasma or 1.25 mL/40g mouse. Plasma concentrations of acetyl-carnitine are 

about 50 μM in carnitine-supplemented mice, yielding a plasma pool of acetyl-carnitine of 

about 10 mg. Therefore about half of the plasma pool of acetyl-carnitine is excreted daily. 

The increased levels of circulating acyl-carnitines combined with the increased excretion of 

acyl-carnitines support the hypothesis that there is tissue export of acyl moieties, especially 

short-chain acyl-carnitines, into circulation and partial excretion in the urine.

Summary and future directions

Based on studies that have elegantly evaluated the role of both insulin secretion and insulin 

resistance, it is now well established that T2D is a progressive disease. The current non-

pharmacological management for patients with T2D utilizes medical nutrition therapy and 

enhanced physical activity as cornerstones of treatment. When that approach fails to achieve 

normoglycaemia, pharmacological means represent the traditional approach for clinical 

medicine. However, because of the widespread use of dietary supplements by the general 

public, supplementation with the use of agents that may effectively increase insulin 

sensitivity (such as carnitine), represent a very attractive and novel approach for adjunctive 

therapy of diabetes. Based on our pre-clinical results, we hypothesize that carnitine 

supplementation in humans will reduce lipotoxic metabolites improving both mitochondrial 

function and insulin signalling. Extrapolating from our pre-clinical dosing to the clinical 

setting, we propose a dose of 3 g/day costing approximately ¢50 (US). The results from the 

carefully controlled experiments will aid in understanding the mechanisms by which lipid 

oversupply leads to insulin resistance in skeletal muscle and how L-carnitine 

supplementation remodels fatty acid metabolism, insulin action and mitochondrial function. 

In light of the beneficial effects of exercise on insulin resistance, future studies should also 

examine the possible synergistic effects of L-carnitine and exercise.
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Figure 1. 
Fatty acid oxidation/synthesis cycle. Long-chain fatty acids are first activated in the cytosol 

to long-chain acyl-CoA (LC-CoA). Carnitine palmitoyltransferase I (CPT-I) is located in the 

outer mitochondrial membrane and cataylzes the formation of acyl-carnitines from carnitine 

and LC-CoA. The acyl-carnitines are transported across the inner mitochondrial membrane. 

Once in the matrix, carnitine palmitoyltransferase II (CPT-II) hydrolyses the acyl-carnitine 

to free carnitine and LC-CoA, for beta-oxidation. Acetyl-CoA either enters the TCA cycle or 

is transported out of the mitochondria as citrate or serves as a substrate for carnitine acetyl 

transferase (CRAT). The acetyl-carnitine exits the mitochondria and is either hydrolyzed in 

peroxisomes or enters the circulation
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Figure 2. 
The carnitine hypothesis states that carnitine will increase the flux of acyl-CoA transport 

into the mitochondria and export of incompletely oxidized fatty acids and acetyl CoA 

(SCAC), and relieve a lipotoxic ‘brake’ on both insulin signalling and mitochondrial 

function. Adapted from Adruini et al [30]
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Figure 3. 
Effects of dietary carnitine supplementation on insulin action in mice fed high-fat diets. 

C57Bl/6 male mice were fed a high fat diet ±0.5% L-carnitine. Blood glucose concentrations 

were measured following an i.p. insulin dose of 0.1 U/kg body weight. Values are mean ± 

SEM, n = 31 control group, n = 36 carnitine group. *Indicates significantly different from 

non-supplemented mice, p < 0.01
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Figure 4. 
Effects of carnitine supplementation on substrate utilization. Transgenic, (beta-actin 

promoter-agouti) obese/diabetic mice were fed a semi-purified ±0.5% L-carnitine for 4 

weeks. The mice were then placed in the Oxymax CLAMS system for a 3-day acclimation 

period before measurements began. After 2 days of measurements, the mice were given an 

intraperitoneal bolus of insulin (1U/mouse) at 7 a.m. for the final day of data collection. 

Values are reported as mean ± SEM, n = 7 control group and n = 8 carnitine group

Mynatt Page 10

Diabetes Metab Res Rev. Author manuscript; available in PMC 2017 November 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Acyl-carnitine export and excretion. Acyl-carnitines were measured in C57BL/6J mice fed a 

high-fat diet ±0.5% L-carnitine for 12 weeks. Data are means ± SEM. n = 7 per group. 

Indicates significantly different from high fat fed mice, p < 0.05
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