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115THE IMPACT OF ALTERED CARNITINE AVAILABILITY

Abstract

Acylcarnitines are fatty acid oxidation (FAO) intermediates, which have been implicated 
in diet-induced insulin resistance. Elevated acylcarnitine levels are found in obese, in-
sulin resistant humans and rodents, and coincide with lower free carnitine. We hypoth-
esized that increasing free carnitine levels by administration of the carnitine precursor 
gamma-butyrobetaine (gBB) could facilitate FAO, thereby improving insulin sensitivity. 
C57BL/6N mice were fed a high fat or chow diet with or without gBB supplementation 
(n=10 per group). After 8 weeks of diet, indirect calorimetry, glucose tolerance and in-
sulin sensitivity tests were performed. Then animals were dissected and AC profiles and 
carnitine biosynthesis intermediates were analyzed in plasma and tissues by tandem 
mass spectrometry (MS) and liquid chromatography MS MS. 
gBB supplementation was unable to prevent obesity and impaired glucose homeostasis 
in the HFD fed mice in spite of marked alterations in the acylcarnitine profiles in plasma 
and liver. Remarkably, gBB did not affect other tissue acylcarnitine profiles, most notably 
the muscle. Administration of a bolus acetylcarnitine also caused significant changes in 
plasma and liver, but not in muscle acylcarnitine profiles, again without effect on glucose 
tolerance. 
Altogether, increasing carnitine availability affects acylcarnitine profiles in plasma and 
liver but without affecting glucose tolerance or insulin sensitivity. This may be due to the 
lacking effect on muscle acylcarnitine profiles, as muscle tissue is an important contrib-
utor to whole body insulin sensitivity. These results warrant caution on making associa-
tions between plasma acylcarnitine levels and insulin resistance.
 

Introduction

The obesity epidemic increases the incidence of insulin resistance and type 2 diabetes 
mellitus. Several lipid intermediates such as diacylglycerol, ceramides, gangliosides and 
non esterified fatty acids (NEFA) have been implicated in the induction of insulin resis-
tance, a concept known as lipotoxicity (1, 2). In addition, this lipid burden may increase 
(incomplete) fatty acid oxidation (FAO) leading to an accumulation of intermediates such 
as acylcarnitines that could impair insulin signaling. FAO in mitochondria depends on the 
carnitine shuttle for transport of fatty acids into these organelles. Carnitine is absorbed 
from the diet, but can also be synthesized de novo. Trimethyllysine is converted to L-car-
nitine in four enzymatic reactions, where in the last step gamma-butyrobetaine (gBB) 
is hydroxylated to carnitine (3). In humans, this only occurs in liver, kidney and brain (4). 
In addition to the transport of activated fatty acids into mitochondria, carnitine is also 
needed for the efflux of acyl-derivatives out of the mitochondria (5). 
Carnitine deficiency was suggested to compromise mitochondrial function and FAO 
thereby inducing insulin resistance (5). Both oral and intravenous administration of 
L-carnitine in insulin resistant humans and rodents increase free carnitine levels (5-9). 
In insulin resistant rats, L-carnitine supplementation restored muscle and hepatic levels 
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of free carnitine, and as a result from the carnitine treatment plasma glucose levels, 
HOMA-IR and mitochondrial function improved (5). In humans intravenous L-carnitine 
treatment increased carnitine levels in muscle tissue when co-administered with insulin 
(6, 8), and prolonged L-carnitine treatment increased plasma levels of free carnitine and 
acetylcarnitine leading to an improvement of glucose handling in insulin resistant sub-
jects (9). These findings, however, need to be seen in the light of a majority of studies 
that only showed a positive effect of L-carnitine treatment on glucose tolerance when 
additional caloric restriction was implemented (10). 
The inability to switch from FAO to carbohydrate oxidation (CHO), a concept known as 
metabolic inflexibility (11, 12), is characteristic for the insulin resistant state (11, 13). Car-
nitine acetyltransferase (CrAT) may play a pivotal role in substrate switching and glucose 
tolerance via the conversion of acetyl-CoA into acetylcarnitine and thereby regulating 
the activity of the pyruvate dehydrogenase complex (PDH) (9). The availability of carnitine 
also likely influences CrAT activity. Intriguingly, infusion of acetylcarnitine in both rats 
and humans improved glucose uptake rates and glucose storage (14, 15).
Increasing carnitine availability may facilitate FAO and efflux of acyl-derivatives from 
the mitochondrion, thereby improving insulin sensitivity. Since gBB effectively increases 
carnitine levels (16, 17), we analyzed the effects of gBB administration on lipid and glu-
cose metabolism in C57BL/6N mice on a high fat diet (HFD) versus a chow control diet. 
Subsequently we compared the effect of gBB administration with an acute infusion of 
acetylcarnitine on plasma and tissue acylcarnitine profiles and glucose tolerance.

Methods 

Animal studies – general
40 C57BL/6N mice (Charles River Laboratories), 10 weeks of age at the time of the exper-
iment, were acclimatized for one week. Then, 20 mice were switched to an eight week 
high fat diet (HFD, Rodent Diet with 60% kcal from fat, 20% from carbohydrates and 20% 
from proteins, D12492, Research Diets Inc., NJ, USA), while the remainder of the cohort 
kept chow diet. Half of each group was supplemented with 50mg/kg/day gBB (420 mg 
gBB ((3-Carboxypropyl)trimethylammonium chloride, Sigma-Aldrich) in 1L water, based 
on 3ml water intake daily in a 25 gram mouse (17)). This resulted in four groups of 10 mice; 
chow + gBB, chow - gBB, HFD + gBB and HFD - gBB. Mice were weighed weekly and every 
two weeks whole blood samples were taken from the saphenous vein for carnitine con-
centrations to monitor the effect of the gBB treatment. All experiments were approved 
by the institutional review board for animal experiments at the Academic Medical Center 
(Amsterdam, The Netherlands). 
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Indirect calorimetry
After 8 weeks of diet, we performed an indirect calorimetry (Phenomaster/Labmaster, 
TSE systems, Bad Homberg, Germany) for 48 hours in 8 mice per group. Two days prior 
to the calorimetry, the mice were first acclimatized to the experimental setup including 
feeding basket and drinking bottle by housing them individually in similar cages. During 
the indirect calorimetry several parameters were measured including VO2 ((ml/h)/kg), 
VCO2 ((ml/h)/kg), respiratory quotient (RQ, (VO2)/(VCO2)) and heat production ((kcal/h)/
kg). Afterwards, mice were housed individually in standard cages for the remainder of 
the experiment. Measurements from the second day of calorimetry were used for data 
analysis.

Glucose tolerance and insulin sensitivity tests
One week after the indirect calorimetry an intraperitoneal glucose tolerance test (IP-
GTT) was performed. After an overnight fast (~17 hours). mice were weighed and blood 
was taken via tail bleeding for a baseline (t=0) blood glucose level measurement (Bayer 
Contour). Subsequently 2g/kg bodyweight D-glucose (20% D-glucose in 0.9% NaCl) was 
injected intraperitoneally. Blood glucose levels were determined after 15, 30, 45, 60, 90 
and 120 minutes.
One week later an intraperitoneal insulin sensitivity test (IPIST) was performed. Mice 
were fasted for 4 hours and weighed where after blood was taken via tail bleeding for 
a baseline blood glucose level measurement (t=0). Then a bolus of Actrapid (0.75 IU/kg) 
was injected intraperitoneally. Blood glucose levels were determined at 15, 30, 45, 60, 
90 and 120 minutes. 

Dissection
Prior to dissection in week 12, mice were fasted overnight for approximately 17 to 19 
hours. Between 9AM and 11 AM on the study day, all animals were anesthetized with pen-
tobarbital (100 mg/kg i.p.). In the subsequent dissection, venous blood sampling was 
performed by canulation of the caval vein. Liver, muscle (soleus, gastrocnemius, quad-
riceps femoris, heart) and white adipose tissue (WAT)) were harvested, frozen in liquid 
nitrogen and stored at -80°C.

gBB versus acetylcarnitine experiment 
In a separate experiment, we compared the effect of gBB and a bolus of acetylcarnitine 
on glucose tolerance after IPGTT. We therefore divided 24 chow fed C57BL/6N mice in 
3 groups. The first group was treated with gBB for eight weeks, similar to the original 
experiment. The second group received an i.p. injection of acetylcarnitine (250 mg/kg) 
30 minutes prior to the IPGTT. The third group was a control group. We performed the 
IPGTT twice, after four and eight weeks of gBB treatment. Ten days after the second IP-
GTT mice were dissected. Thirty minutes prior to dissection, mice in the acetylcarnitine 
group were again injected with a bolus of acetylcarnitine (250mg/kg).

THE IMPACT OF ALTERED CARNITINE AVAILABILITY
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Laboratory analyses
Plasma and tissue acylcarnitines samples were analysed as described in our previous study 
(18). Carnitine biosynthesis intermediates in plasma were measured using UPLC-tandem 
MS as described earlier (19, 20). Plasma NEFA were analysed using an enzymatic colori-
metric method (NEFA-HR, Wako Diagnostics, Richmond, VA). Insulin levels in plasma were 
measured using the Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem Inc, USA). 
qPCR was performed to measure OCTN2 expression in muscle tissue. Total mRNA was iso-
lated from tissues using Trizol extraction. cDNA was produced using a first-strand cDNA 
synthesis kit. For the quantitative real-time PCR the LightCycler FastStart DNA Master 
SYBR Green I kit was used and the following primers: 5’-AGATTCGGGATATGCTGTTGG-3’ 
and 5’-AAAGCCTGGAAGAAGGAGGTC-3’ for 36B4 and 5’-TTCTGGTGCTTGTCTCACTG-3’ 
and 5’-TATGTTCGGCTTCCCATTCT-3’ for beta2M and 5’-CCACTCACCACCTCCTTGTT-3’ 
and 5’-AAGACCTGCAGGAAGCTGAA-3’ for OCTN2. All samples were analyzed in tripli-
cate. To confirm that a single product was formed during PCR, melting curve analysis was 
performed. Values for OCTN2 were normalized against the values for the housekeeping 
genes 36B4 and beta2M to adjust for variations in the amount of input RNA.
During dissection both liver tissue and a combined sample of gastrocnemius muscle and 
soleus muscle were snap frozen, stored immediately in liquid nitrogen, and freeze-dried 
overnight to measure acetyl- and free CoA as described before (21).
 
Statistical analysis
Acylcarnitine profile measurements were processed with Masslynx software version 4.1. 
Statistical analysis was performed using SPSS statistical software program version 20.0 
and Graphpad Prism software version 6. A Student’s T test was performed to detect gBB 
treatment effects. A Holm-Sidak multiple T test was used to analyze the effect of gBB 
treatment on plasma free carnitine levels during the treatment period and plasma glu-
cose levels during the IPGTTs and IPISTs. All graphs show means ± SD. Data was assessed 
as significant with a P value <0.05, marked as *, and <0.01 is showed as **.

Results

General effects of HFD and gBB treatment
Feeding the HFD caused a strong weight gain, but gBB supplementation did not affect 
body weight gain in both chow and HFD mice (Fig. 1a). In order to assess whether gBB 
supplementation increased carnitine over the entire study period, biweekly whole blood 
samples were collected during the first eight weeks of the treatment (Fig. 1b). Mice on a 
HFD had lower blood carnitine levels when compared to chow fed animals. gBB supple-
mentation increased blood carnitine levels in HFD mice but in chow mice carnitine levels 
did not further increase. Thus despite increasing free carnitine levels effectively, gBB did 
not curb HFD-induced body weight. 
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Effects of HFD and gBB treatment on acylcarnitine profiles in plasma and tissue
At the end of the study acylcarnitine profiles were measured in plasma and several organ 
compartments of all mice. The dietary conditions affected acylcarnitine profiles in both 
plasma and tissues (Fig. 2a-2f). 
In plasma of chow fed mice, only C0-, C2- and C4OH- (Fig. 2a) were significantly in-
creased upon gBB treatment. In plasma of HFD mice, treatment with gBB caused a gen-
eral increase of short- (including acetylcarnitine), medium- and long-chain ACs. The 
increase in C0-carnitine was significantly greater in the HFD mice compared to the chow 
mice. The ratio between C0- and C2-carnitine in plasma was significantly affected by 
gBB treatment in the HFD group but not in the chow group (Supplemental table S1a). 
Of the plasma carnitine biosynthesis intermediates, as expected, gBB levels increased 
significantly upon supplementation (Fig. 2b). The levels of TML, one of the precursors of 
gBB in the carnitine biosynthetic pathway, did not change upon gBB treatment (Fig. 2b).
At the tissue level, gBB supplementation only had an effect on acylcarnitine levels in liver. 
Here, C0-, C2- and C4OH-carnitine significantly increased upon gBB treatment in the 
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Figure 1 gBB supplementation in a diet-induced obesity model (A) Body weight gain in HFD vs chow mice. (B) Carnitine levels 

in whole blood.
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HFD group (Fig. 2c). In chow fed mice, only C4OH-carnitine was significantly increased in 
liver of gBB-treated animals. Although several acylcarnitine levels were lowered in HFD 
mice compared to chow controls, soleus muscle, gastrocnemius muscle and WAT did not 
show any significant effect of gBB treatment in all mice (Fig. 2d-f). In contrast to liver and 
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muscle where C0/C2 ratios remained unchanged in both diets, the C0/C2 ratio in WAT 
was significantly lower after gBB treatment in the chow mice (Supplemental table S1a). 
We further investigated why muscle acylcarnitines were not affected by gBB treatment 
by measurement of mRNA expression of OCTN2 in muscle (Supplemental fig. S1). The 

- γBB
+ γBB
- γBB
+ γBB

CHOW 

HFD

*

- γBB
+ γBB
- γBB
+ γBB

CHOW 

HFD

*

- γBB
+ γBB
- γBB
+ γBB

CHOW 

HFD

Figure 2d 

Soleus acylcarnitine profile

Figure 2e 

Gastrocnemius acylcarnitine 

profile

Figure 2f 
WAT acylcarnitine profile

Figure 2 Acylcarnitine profiles upon gBB treatment. (A) Plasma acylcarnitine profiles, (B) plasma carnitine intermediates and 
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expression level of OCTN2 was not changed by gBB, suggesting that OCTN2 expression is 
not driven by altered carnitine concentrations in plasma.
To summarize, HFD changed acylcarnitine profiles in plasma and tissues. gBB supple-
mentation affected the acylcarnitine profile in plasma and, to a lesser extent, in liver. 
The changes in the plasma acylcarnitine profile were independent of plasma NEFA levels, 
which did not change upon the interventions (data not shown). Additionally the effects of 
gBB in plasma did not correspond with the effects on tissue level, which is in accordance 
with our previous study where plasma acylcarnitine profiles did not correlate with tissue 
acylcarnitine profiles (18).

Indirect calorimetry measurements
To evaluate the effects of gBB supplementation on energy expenditure, we performed an 
indirect calorimetry measurement. Mice fed a HFD showed a lower respiratory exchange 
ratio compared to chow fed mice, indicating higher FAO rates upon HFD feeding. Treat-
ment with gBB did not affect the RER in both groups (Supplemental fig. S2a), indicating 
that the metabolic substrate preference was not influenced by gBB supplementation. 
Energy expenditure (EE) was significantly higher in HFD mice when compared to chow 
controls, but when corrected for bodyweight EE did not differ upon HFD feeding (Sup-
plemental fig. S2b) (22). Additionally treatment with gBB did not affect EE either in both 
the light and dark phase of the day. Thus gBB supplementation had no effect on energy 
expenditure and RER. These observation are consistent with the observation that gBB 
was unable to curb body weight on a HFD.

Effects of gBB on glucose tolerance and insulin sensitivity
To investigate whether carnitine availability affects glucose metabolism, we performed 
glucose tolerance and insulin sensitivity tests. Glucose tolerance was clearly impaired in 
HFD mice when compared to chow fed mice, but in both groups gBB treatment had no 
effect on glucose tolerance (Fig. 3a). Fasted plasma insulin levels showed a clear effect of 
the HFD on insulin resistance (Fig. 3b). However, gBB treatment did not have an addition-
al effect on the insulin levels in both groups. Even though HFD fed mice were insulin re-
sistant compared to chow fed mice, there was no effect of gBB treatment (Fig. 3c). These 
experiments indicate that gBB supplementation does not improve glucose homeostasis 
in a diet-induced obesity model.
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Figure 3 Glucose tolerance and insulin sensitivity tests. Effect of gBB treatment on (A) glucose levels upon IPGTT, (B) fasting 

plasma insulin levels or (C) glucose levels upon IPIST.
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gBB versus acetylcarnitine administration
Next we modulated acylcarnitine metabolism by administration of a bolus of acetylcarni-
tine, and compared this to chronic gBB administration. The acylcarnitine profile in plas-
ma showed pronounced alterations upon acetylcarnitine administration (Fig. 4a). Many 
acylcarnitines such as C0-, C2-, C3-, C5-, C4OH-, C16- and C18:1-carnitine, showed a 
marked increase of which C0- and C2-carnitine were the most pronounced with a 10- to 
20-fold increase compared to controls. 
Comparable to the effects in plasma, the levels of hepatic C0-, C2-, C3-, C5-, C4OH-, 
C16- and C18:1-carnitine were increased by acetylcarnitine administration (Fig. 4b). In 
soleus and gastrocnemius muscle only free carnitine and acetylcarnitine levels were in-
creased, and no other acylcarnitine species were affected by the intervention (Fig.4c 
and d). In addition to free and acetylcarnitine, C3- and C4OH-carnitine were increased 
in WAT as well (Fig. 4e). The C0/C2 ratio was significantly lowered by acetylcarnitine 
treatment in both plasma and tissues (Supplemental table S1b).
After 4 weeks and 8 weeks of gBB treatment we tested glucose tolerance in all three 
groups of mice (Supplemental fig. S3). Both tests showed no significant differences be-
tween the gBB-, acetylcarnitine- and control group. Therefore, despite pronounced effects 
on acylcarnitine profiles, acetylcarnitine infusion had no effect on glucose tolerance.
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Figure 4 Acylcarnitine profiles upon gBB vs acute acetylcarnitine treatment. (A) Plasma acylcarnitine profiles, and tissue 

acylcarnitine profiles in (B) liver, (C) soleus muscle, (D) gastrocnemius muscle and (E) WAT of fasted chow fed mice. 
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We measured the levels of acetyl-CoA and free CoA in both muscle and liver in order 
to establish the consequences of acetylcarnitine and gBB treatment on these potential 
regulators of PDH activity. We found an increase in acetyl-CoA levels in liver tissue of 
both gBB- and acetylcarnitine-treated mice, but not in their soleus and gastrocnemius 
muscle tissue (Fig. 5a and b). In liver, the increase in acetyl-CoA was accompanied by a 
decrease in free CoA, reflecting that the available acetyl-groups were bound to CoA, 
thereby lowering the amount of free CoA. This is also reflected by a significant decrease 
in the liver CoA/acetyl-CoA ratio (Fig. 5b). However, in muscle no effect was observed on 
free CoA levels (Fig.5c and d).
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Figure 5 Free and acetyl-CoA in liver and muscle upon gBB versus acetylcarnitine treatment. (A) Acetyl-CoA and free CoA 

concentrations in liver. (B) Ratios of free CoA versus acetyl-CoA and free carnitine versus acetylcarnitine in liver. (C) Acetyl-

CoA and free CoA concentrations in muscle. (D) Ratio of free CoA versus acetyl-CoA in muscle. 

K007_000000_HereThere and EveryWhere boekje.indd   126 09-02-15   08:30



127

Discussion 

In this study, we aimed to increase carnitine availability via enteral gBB administration 
to investigate if this would improve FAO rates, body weight gain, energy expenditure and 
glucose homeostasis. By treating lean chow-fed mice and diet-induced obese, insulin 
resistant mice with the carnitine precursor gBB, we were able to modulate the (acyl)car-
nitine levels in plasma and tissue. We showed that C0- and C2-levels were decreased in 
plasma of HFD mice and that these levels were both restored to chow control levels upon 
gBB treatment. This is in line with work in rats on a high fat diet, which have decreased 
plasma levels of free carnitine (5). It is intriguing that the proportional increase in plasma 
free carnitine in the HFD group is much greater than in the chow fed animals (Fig. 2a). 
Ultimately similar levels of free carnitine were achieved in chow and HFD mice after gBB 
treatment, suggesting a plateauing effect in which the kidney reaches a carnitine excre-
tion threshold, above which excess carnitine is excreted (3). gBB treatment furthermore 
increased free carnitine levels and (mainly short-chain) acylcarnitine levels in plasma and 
liver, but not in muscle and adipose tissue.
In the liver, gBB treatment resulted in an increase of most acylcarnitine species although 
this increase was less pronounced than plasma and absent for C16- and C18:1-carnitine. 
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Oral administered gBB will efficiently be hydroxylated to L-carnitine in the liver, which 
explains an increase in hepatic free carnitine and subsequently acylated carnitines as 
well (23). Recently we showed that the hepatic acylcarnitine profile corresponds mod-
estly with plasma long chain acylcarnitines, but not C0- and C2-carnitine (18). Therefore 
the corresponding effects in plasma and liver from gBB treatment might reflect hepatic 
carnitine synthesis and the subsequent plasma distribution of C0- and C2-carnitine. 
Remarkably, gBB treatment did not have any effect on acylcarnitine profiles in muscle 
tissue or WAT. As these tissues both lack the enzymes for carnitine synthesis (3) and must 
therefore actively import carnitine from the blood via the sodium dependent OCTN2 
transporter, it is important to know which factors influence carnitine uptake. We showed 
that the expression of OCTN2 in muscle tissue was similar in all mice, from which we con-
clude that the uptake of carnitine by muscle tissue to compensate for a potential carni-
tine shortage is not hampered by decreased OCTN2 activity. Therefore despite similar 
OCTN2 expression levels, the transport of carnitine and acetylcarnitine into muscle and 
WAT does not seem to increase when the plasma concentrations of carnitine and acetyl-
carnitine are higher. Additionally, the pool size of carnitine in plasma is only a fraction of 
that in muscle tissue, and the elevated plasma level might very well be too small to have 
a detectable effect on the muscle carnitine pool.
Our findings partially correspond with the effects found in a study by Noland et al. where 
L-carnitine administration in obese rats caused similar alterations in muscle and plasma 
acylcarnitine profiles (5). But although they showed an improvement of insulin sensitivity 
after carnitine supplementation, in our study gBB treatment did not affect diet-induced 
insulin resistance despite the evident alterations of acylcarnitine profiles. This discrep-
ancy might be explained by the fact that these authors studied rats on a 12-month HFD, 
whereas we studied mice that were only fed a HFD for 13 weeks. But even though our 
study did not involve longer high fat feeding, we did achieve severe obese and insulin 
resistant HFD animals. Acylcarnitine profiles in HFD animals differ from chow animals, 
and thus acylcarnitine profiles may reflect obesity. However, the changed acylcarnitine 
profile after gBB in our HFD animals was not accompanied by functional improvements 
in FAO and insulin sensitivity. Acylcarnitine profiles in plasma only have a modest relation 
to liver acylcarnitine profiles and do not correlate with profiles in muscle and adipose 
tissue; thus plasma acylcarnitine levels do not necessarily reflect the metabolic state in 
insulin sensitive tissues (18). Therefore these findings are in agreement with our results 
on the lack of effect of gBB on insulin resistance and energy expenditure.
The absent effect of gBB could be explained by the fact that changed carnitine and acyl-
carnitine availability does not influence insulin sensitivity and energy expenditure as long 
as the energy demand or metabolic state has not changed. Muoio et al. suggested that li-
potoxicity and insulin resistance are not explained by reduced mitochondrial content or 
function but are a consequence of a supply of fatty acids exceeding the energy demand 
(24). In our study we did not change the energy demand in our animals, so the altered 
acylcarnitine profiles actually reflect excess carnitine and acylcarnitines, that do not 
influence insulin sensitivity. 
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The effect of the HFD on acylcarnitine levels was comparable in plasma, liver, muscle and 
adipose tissue. Interestingly we could not reproduce the HFD-induced increase in long-
chain acylcarnitines as shown by Koves et al. (25) as our mice showed an unchanged or 
decreased C16- and C18:1-carnitine level in plasma, liver and muscle. However, our mice 
were fasted overnight in contrast to the ad libitum fed rats in the study by Koves (25). 
Continuous HFD might result directly in higher long-chain acylcarnitines. Otherwise, the 
FAO rate may be adapted to a chronic elevated lipid flux in the HFD mice, which explains 
less accumulation of acylcarnitines. Accumulation of acylcarnitines upon fasting might 
also depend on the studied tissue compartment or species (11, 18).  
Recent studies have described the stimulating role of carnitine supplementation on 
the activity of CrAT, which produces short-chain acylcarnitine from their correspond-
ing short-chain acyl-CoAs. By regulating acetyl-CoA/CoA and acetylcarnitine/carnitine 
ratios, CrAT influences glucose- and fat metabolism: this has already been implicated in 
the metabolic inflexibility observed in insulin resistance (5, 9, 26). Mechanistically, for-
mation of acetylcarnitine is thought to alleviate the mitochondrium from high levels of 
acetyl-CoA thereby stimulating PDH activity (5, 9, 27). This influence of carnitine levels 
on CrAT activity is in agreement with the alterations we found in the plasma and liver 
acylcarnitine profiles, where free carnitine and specifically several short-chain acylcar-
nitines but not long-chain acylcarnitines were increased upon gBB treatment. This could 
be due to the stimulating effect of free carnitine availability on CrAT activity (26).
We compared gBB treatment with an acute high dose of acetylcarnitine in lean mice, 
which caused a strong increase of all acylcarnitine species in plasma and had some ef-
fects on free carnitine and acetylcarnitine in tissue. We hypothesized that a high dose 
acetylcarnitine increased the concentration of acetyl-CoA, resulting in an increase in 
free carnitine. Increased levels of acetyl-CoA can inhibit both activity of the PDH com-
plex and subsequently glucose uptake, leading to lower glucose tolerance. Both gBB and 
acetylcarnitine, however, did not affect glucose tolerance. As anticipated, acetyl-CoA 
was higher in liver upon both treatments, alongside with lower levels of free CoA. In mus-
cle, however, both acetyl-CoA and free CoA were unaffected by acetylcarnitine or gBB 
treatment, which implies that PDH activity was not modulated. We speculate that mus-
cle acetylcarnitine uptake may be insulin dependent similar to free carnitine uptake (8). 
Since our mice were fasted with low insulin levels, acetylcarnitine may not have reached 
muscle effectively.
In conclusion, despite alterations in plasma acylcarnitine profiles, both gBB treatment 
and acetylcarnitine treatment had no effect on insulin sensitivity in lean and obese, in-
sulin resistant Bl6 mice. As the effects on tissue acylcarnitine profiles were much more 
subtle or even absent, this might explain why an effect on insulin sensitivity is lacking. 
These results warrant caution on making associations between plasma acylcarnitine lev-
els and insulin resistance.
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Supplemental data

Table S1a

Mean C0/C2 ratios

CHOW HFD

- gBB + gBB - gBB + gBB

Plasma 2,18 (±0,59) 1,72 (±0,40) 3,44 (±0,81) 2,61 (±0,77) *

Liver 17,40 (±7,69) 12,45 (±5,47) 7,85 (±2,29) 7,31 (±1,71)

Soleus 4,64 (±1,43) 4,07 (±2,11) 3,98 (±1,51) 4,36 (±1,97)

Gastrocnemius 6,65 (±1,30) 7,07 (±1,22) 4,22 (±0,77) 4,69 (±1,15)

WAT 9,67 (±2,33) 7,08 (2,27) * 8,49 (±2,49) 6,75 (±1,05)

Table S1b 

Mean C0/C2 ratios

Control gBB C2-carnitine

Plasma 2,31 (±0,49) 1,64 (±0,22)* 1,04 (±0,10)**

Liver 5,94 (±1,16) 4,97 (±0,69) 3,54 (±0,62)**

Soleus 3,31 (±1,50) 2,51 (±0,55) 1,62 (0,25)*

Gastrocnemius 9,08 (±3,25) 7,89 (±2,14) 3,44 (±0,51)**

WAT 5,89 (±1,16) 4,99 (±0,82) 0,92 (±0,12)**

Table S1 C0/C2-carnitine ratios in plasma and tissues (A) upon gBB treatment (B) upon gBB vs acetylcarnitine treatment.

Figure S1 OCTN2 expression in muscle. Effect of gBB treatment on the relative expression of OCTN2 in combined soleus and 

gastrocnemius muscle.
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Figure S2 Indirect calorimetry (A) Respiratory exchange ratio, and (B) Resting energy expenditure measurements in light and 

dark phase, corrected for body weight by ANCOVA. 

Figure S3 Glucose tolerance after gBB vs acetylcarnitine treatment Plasma glucose levels upon an IPGTT after 8 weeks of 

gBB treatment versus acute acetylcarnitine administration.
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