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  L -Carnitine is a conditionally essential nutrient that 
serves as a substrate for a family of acyltransferase enzymes 
that catalyze the interconversion of acyl-CoAs and acylcar-
nitines. Unlike their acyl-CoA precursors, acylcarnitines 
can be transported across cellular membranes. Accordingly, 
carnitine is best known for its obligatory role in shuttling 
long-chain acyl-CoAs (LCACoAs) from the cytoplasm into 
the mitochondrial matrix for fatty acid oxidation, a func-
tion that is mediated by the outer mitochondrial mem-
brane enzyme, carnitine palmitoyltransferase 1 (CPT1). 
The long-chain acylcarnitine (LCAC) products of CPT1 
are transported across the inner mitochondrial membrane 
by carnitine acylcarnitine translocase and then converted 
back to LCACoAs by carnitine palimitoyltransferase 2 (CPT2), 
also localized to the inner membrane. By contrast, car-
nitine acetyltransferase (CrAT) resides in the mitochon-
drial matrix and has strong preference for short-chain 
acyl-CoA (SCACoA) intermediates of fatty acid, glucose, 
and amino acid catabolism. Thus, CrAT facilitates traffi cking 
and effl ux of carbon intermediates from the mitochondrial 
compartment to other cellular and extracellular sites. 

 Recent animal studies have established important roles 
for  L -carnitine and CrAT in regulating glucose homeosta-
sis and mitochondrial substrate switching ( 1 ). By convert-
ing acetyl-CoA to acetylcarnitine, CrAT not only buffers 
the mitochondrial acetyl-CoA pool but also regenerates 
free CoA, both of which infl uence the activities of several 
oxidative enzymes. Carnitine supplementation promotes 
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centrifuged at 7,000  g  for 10 min at 4°C. The resulting mito-
chondrial pellet was resuspended in CelLytic lysis buffer (Sigma 
Chemicals) and processed by freeze fracturing three times and 
sonication at 5× 1 s pulses on setting fi ve. 

 CrAT activity 
 Carnitine-dependent conversion of acetyl-CoA to acetylcarni-

tine and free CoA was measured as previously described with mi-
nor modifi cations ( 1 ). Cell lysates and isolated mitochondria 
were resuspended in CelLytic lysis buffer (Sigma Chemicals) and 
processed by freeze fracturing three times and sonication at 5× 1 s 
pulses on setting fi ve. Acetyl-CoA and 0.1 mM DTNB   were com-
bined with purifi ed enzyme, cell lysates, or isolated mitochon-
dria. The assay buffer included 50 mM Tris and 1 mM EDTA in 
water at pH 7.8. CrAT activity was determined spectrophotomet-
rically at 412 nm by evaluating the rate of reduction of DTNB by 
free CoA on a Spectramax M5 spectrophotometer (Molecular 
Devices). Samples were read for 2 min in the absence of carnitine 
to determine a baseline rate. Reactions were started with the ad-
dition of 5 mM  L -carnitine (unless stated otherwise) and moni-
tored every 20 s for 10 min. The 2 min baseline rate was then 
subtracted from the fi nal linear rate to yield a corrected rate. 
Activity calculations were made using an instrument-specifi c ex-
tinction coeffi cient for TNB   of 16,029 M  � 1  cm  � 1  determined us-
ing  L -glutathione as a CoA donor and correcting for a path length 
of 0.641 cm (for a 0.2 ml reaction volume in Nunc 96-well plates). 
All substrates were purchased from Sigma and reconstituted in 
activity buffer. 

 Western blots 
 Protein was isolated using CelLytic lysis buffer (Sigma Chemi-

cals). A BCA kit (Sigma Chemicals) was used to quantify protein. 
Protein (50  � g from cell/tissue lysates) was separated by SDS-
PAGE, transferred to nitrocellulose, and incubated with anti-
bodies prepared with 5% milk in TBS-Tween. Secondary antibodies 
were HRP-conjugated, and ECL detection reagent (Pierce, Rock-
ford, IL) was used to visualize protein bands. Protein expression 
was normalized to total protein as determined by MemCode 
staining (Thermo Scientifi c). The primary CrAT antibody was a 
generous gift from the laboratory of Dr. Fausto Hegardt. 

 Metabolic profi ling 
 Tissue and plasma samples were processed and analyzed by the 

Sarah W. Stedman Nutrition and Metabolism Metabolomics/Bio-
marker Core Laboratory. Acylcarnitine measurements were made 
using fl ow injection tandem mass spectrometry and sample prepa-
ration methods described by An et al. ( 4 ) and Haqq et al. ( 5 ). Acyl-
CoA esters were analyzed using a method based on a previously 
published report ( 6 ) that relies on the extraction procedure de-
scribed by Deutsch et al. ( 7 ). The CoAs were further purifi ed by 
solid phase extraction as described by Minkler et al. ( 8 ). 

 Cell culture 
 Primary human skeletal myocytes (HSkMCs) were grown and 

differentiated as previously described ( 9 ), but with the addi-
tion of 100  � M  L -carnitine in the differentiation medium. Cyto-
megalovirus promoter-driven recombinant adenoviruses (rAds) 
encoding either  � -galactosidase (rAd- � -gal) or Myc-tagged rat 
carnitine palmitoyltransferase b (rAd-CPT1b  ) were constructed, 
amplifi ed, and purifi ed as previously described ( 10 ). On differ-
entiation day 3, myotubes were treated overnight with 5.3 × 10  � 3    
infectious units/cm 2  rAd- � -gal or rAd-CPT1b  . Medium was re-
placed on differentiation day 4. On day 6, cells were treated with 
differentiation medium containing 1% BSA, alone or complexed 
with 100  � M or 500  � M 1:1 oleate:palmitate, along with 1 mM 

acetylcarnitine effl ux and encourages carbon fl ux through 
pyruvate dehydrogenase (PDH), the enzyme complex that 
connects glycolysis to glucose oxidation and that is feed-
back inhibited by its product, acetyl-CoA ( 2 ). Fitting with 
the notion that CrAT mitigates acetyl-CoA inhibition of 
PDH, mice with muscle-specifi c deletion of  Crat    show im-
paired switching from fatty acid to glucose-derived fuels 
during the fed-to-fasted transition ( 1 ). These perturba-
tions in fuel metabolism were associated with intramuscu-
lar accumulation of SCACoAs, medium-chain acyl-CoAs 
(MCACoAs), and LCACoAs; decreased PDH activity; and 
development of whole-body insulin resistance ( 1 ). 

 Because PDH activity, substrate switching, and glucose 
tolerance are negatively impacted by obesity and high-fat 
(HF) feeding, the present study sought to determine 
whether these nutritional and pathophysiological condi-
tions might likewise impinge upon CrAT activity. To this 
end, we examined changes in acylcarnitine/acyl-CoA bal-
ance, CrAT expression, and CrAT activity in a variety of 
rodent and cell culture models of nutrient-induced meta-
bolic dysfunction. We found that CrAT activity was indeed 
decreased in response to genetic diabetes, HF feeding, 
and lipid exposure. Taken together with previous studies, 
these results suggest that diminished CrAT activity might 
contribute to low PDH activity and impaired glucose dis-
posal in the context of obesity and diabetes. 

 MATERIALS AND METHODS 

 Animals 
 Animal studies were approved by the Duke University Institu-

tional Animal Care and Use Committee. Male Wistar rats 
(150–175 g, Charles River) were single housed and allowed ad 
libitum access to food and water. Animals were randomly se-
lected to receive 20 weeks of either a low-fat (LF) diet (D12450B) 
or a 45% HF diet (D12451; Research Diets) beginning at 3 
months of age. Male Zucker diabetic fatty (ZDF) rats and lean 
controls (Charles River) were allowed ad libitum access to stan-
dard chow and water before harvest at 3 months of age. Rats 
were euthanized after intraperitoneal injection of Nembutal 
with the dose of 25 mg/kg body weight. Gastrocnemius samples 
were clamp frozen and stored at  � 80°C. Tissues were ground 
into powder and processed in CelLytic buffer (Sigma Chemi-
cals, St. Louis, MO) by freeze fracturing three times and sonica-
tion at 5× 1 s pulses on setting fi ve. 

 Mitochondrial isolation 
 Skeletal muscle mitochondria were prepared according to 

Kerner et al. ( 3 ) with modifi cation. Mouse gastrocnemius mus-
cles were removed under anesthesia and placed in ice-cold 
KMEM buffer (100 mM KCl, 50 mM MOPS, 1 mM EGTA, 5 mM 
MgSO 4 , pH 7.4). The tissue was cleaned, blotted, weighed, 
fi nely minced, and suspended at a 10-fold dilution in KMEM 
plus 1 mM ATP. The suspension was homogenized on ice using 
10 passes with a Potter-Elvehjem homogenizer. KMEM/ATP 
buffer supplemented with 0.2% BSA was then added to achieve 
a 20-fold dilution. The homogenate was centrifuged at 500  g  for 
10 min at 4°C. The supernatant was then centrifuged at 10,000  g  
for 10 min at 4°C, and the pellet was resuspended in 500 µl of 
KMEM/ATP buffer and centrifuged at 7,000  g  for 10 min at 4°C 
to wash. The pellet was resuspended in 500 µl KMEM and 
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the obesity-associated shift in the acetylcarnitine/acetyl-
CoA ratio, which decreased 23% and 58% in muscles 
from the ZDF and HF fed rats, respectively, as compared 
with controls. Because a similar imbalance resulted from 
muscle-specifi c deletion of  Crat  ( 1 ), we questioned whether 
these observations might be indicative of reduced enzyme 
activity. To test this possibility, we fi rst measured changes 
in CrAT mRNA and protein expression in the same mod-
els. Interestingly, CrAT mRNA levels tended to increase 
( Fig. 1B ), whereas CrAT protein abundance ( Fig. 1C, D ) 
was doubled in gastrocnemius muscles from ZDF com-
pared with lean control rats. Likewise, the obesogenic HF 
diet did not affect CrAT mRNA but increased protein 
abundance by 24% compared with the LF diet controls 
( Fig. 1B–D ). Despite the 2-fold rise in CrAT protein levels 
measured in tissue lysates from ZDF compared with con-
trol rats, CrAT activity (measured in homogenates pre-
pared from the same tissues) was elevated by only 20% 
( Fig. 1E ). Similarly, CrAT activity was unchanged in ho-
mogenates prepared using muscles from the HF-fed rats, 
despite a 24% increase in CrAT protein levels ( Fig. 1E ). 
Thus, when CrAT activity was corrected for protein abun-
dance, specifi c activity of the enzyme was reduced 30% 
and 26%, in the ZDF and HF diet models, respectively 
( Fig. 1F ). Protein linearity of the CrAT activity assay was 
confi rmed using muscle homogenates from lean rats (sup-
plementary Fig. II). Similar results were observed in heart 
homogenates from ZDF compared with lean control rats 
(supplementary Fig. III) and skeletal muscle homogenates 
of C57BL6/J mice fed an HF compared with an LF diet 
(supplementary Fig. IV). Thus, this response is consistent 
across tissues and species. 

 LCACoAs inhibit CrAT activity 
 Results in  Fig. 1  revealed a negative relationship be-

tween intramuscular lipid accumulation and CrAT activity. 
Relevant to this observation, earlier studies reported that 
LCACoAs inhibited the activity of purifi ed pigeon CrAT 
( 14–16 ). Here, we sought to examine the inhibitory ac-
tions of palmitoyl-CoA on the activity of rat and mouse 
CrAT when assayed in a more native environment. To this 
end, we fi rst compared CrAT substrate preference and en-
zyme kinetics using purifi ed pigeon protein (  Fig. 2A  ),  lysates 
of HSkMC treated with an rAd encoding rCrAT ( Fig. 2B ), 
and isolated mitochondria from mouse gastrocnemius 

 L -carnitine. Conditioned culture medium and cell lysates were 
harvested on differentiation day 7. Cells were washed twice with 
PBS and fl ash frozen in liquid nitrogen, and lysates were har-
vested in water after scraping. Specimens were submitted to the 
Stedman Center Metabolomics Core Laboratory for profi ling of 
acylcarnitines. Metabolite concentrations were normalized to to-
tal cellular protein. Similarly, rAd  -CrAT treatment and process-
ing was done according to Noland et al. ( 2 ). 

 Statistics 
 Statistical analyses were performed using SigmaStat (SysStat 

Software Inc., Point Richmond, CA) or the Microsoft Excel statis-
tical package. Within-group responses to experimental manipu-
lations were evaluated using a paired  t -test, where appropriate. 
IC 50  values were calculated using Prism GraphPad software. Data 
are presented as means ± SE, and the level of signifi cance was 
established a priori at  P   �  0.05. 

 RESULTS 

 Obesity and diabetes disrupt acyl-CoA buffering 
 Obesity and diabetes are associated with muscle accu-

mulation of medium-chain acylcarnitines (MCACs) and 
LCACs ( 2, 11 ). Because these intermediates are presumed 
to be in equilibrium with their cognate acyl-CoA precur-
sors ( 12, 13 ), here we sought to examine tissue fl uctua-
tions in these two interconnected metabolite pools. As 
expected, LCACs and LCACoAs were increased (up to 4.6-
fold) in both heart and gastrocnemius muscles from ZDF 
rats compared with lean controls, and to a lesser degree 
from those fed an HF diet versus an LF control diet (  Table 1   
 and supplementary Fig. I). Despite pronounced accumu-
lation of LCAC and MCAC species in heart and muscle of 
diabetic and/or obese rodents, acetylcarnitine (C2) levels 
were unchanged and tended to decrease in these same tis-
sues ( Table 1 ). Muscle levels of acetyl-CoA, the principal 
substrate of CrAT, were unchanged in the diabetic model 
but increased 1.8-fold in gastrocnemius muscles from rats 
fed an HF versus an LF diet. 

 CrAT specifi c activity is diminished in rodent models of 
obesity and diabetes 

 Collectively, the results in  Table 1  revealed discordant 
fl uctuations in the myocellular acyl-CoA and acylcarnitine 
pools in response to obesity and diabetes.   Fig. 1A    highlights 

 TABLE 1. Obesity and diabetes disrupt acyl-CoA buffering 

Heart Gastrocnemius Muscle Gastrocnemius Muscle

Lean ZDF Lean ZDF LF HF

Total LCACs (pmol/mg tissue) 7.7 ± 2.4 35.6 ± 7.1  a  8.3 ± 1.5 28.6 ± 3.5  a  2.3 ± 0.5 3.4 ± 0.6
Total LCACoAs (pmol/mg tissue) 12.6 ± 3.6 41.4 ± 5.8  a  5.0 ± 0.3 11.2 ± 0.9  a  7.2 ± 0.4 11.2 ± 1.0  a  
Total MCACs (pmol/mg tissue) 0.6 ± 0.2 2.0 ± 0.4  a  1.1 ± 0.2 3.5 ± 0.4  a  0.6 ± 0.2 0.7 ± 0.1
Total MCACoAs (pmol/mg tissue) 5.3 ± 0.6 6.3 ± 0.5 1.6 ± 0.2 1.9 ± 0.1 2.0 ± 0.2 2.1 ± 0.2
Acetylcarnitine (pmol/mg tissue) 181.6 ± 16.3 135.6 ± 16.3 153.0 ± 10.7 153.6 ± 8.8 76.6 ± 12.2 54.4 ± 7.4
Acetyl-CoA (pmol/mg tissue) 15.4 ± 1.4 16.0 ± 0.5 1.8 ± 0.2 2.2 ± 0.07 0.58 ± 0.02 1.0 ± 0.07  a  

Tandem mass spectrometry was used to assess total LCACs, LCACoAs, MCACs, MCACoAs, acetylcarnitine, and 
acetyl-CoA. Metabolites were measured in tissue homogenates from obese ZDF rats and lean control animals, 
and from adult Wistar rats fed a 10% LF or 45% HF diet for 20 weeks. Data are expressed as pmol/mg tissue and 
represent means ± SE from 5 to 8 animals per group.

  a P  < 0.05, lean versus obese.
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low (0.05 mM) as compared with high (2 mM) carnitine 
concentrations ( Fig. 3E ). This implies that binding of car-
nitine to CrAT reduces its affi nity for palmitoyl-CoA, sug-
gesting that LCACoAs function as more potent inhibitors 
of the enzyme when mitochondrial concentrations of free 
carnitine are low. 

 Lipid exposure and increased CPT1 activity reduced 
acetylcarnitine production in primary HSkMCs 

 We next sought to determine whether chronic exposure 
of muscle mitochondria to elevated fatty acids is suffi cient 
to inhibit CrAT activity in an intact cellular system. To this 
end, primary HSkMCs were incubated with increasing 
doses of a 1:1 mixture of oleate:palmitate, and short-chain 
acylcarnitine (SCAC) profi les were used as a surrogate in-
dex of CrAT activity. Additionally, to promote fatty acid 
infl ux into the mitochondrial matrix where CrAT resides, 
HSkMCs were also treated with rAd encoding rat CPT1b. 
This experimental paradigm was designed to mimic both 
the lipid conditions and increased expression of CPT1b 
that are characteristic of obesity and diabetes ( 17 ). 

 After 24 h exposure to fatty acids, control cells treated 
with rAd encoding  � -gal increased production of palmitoyl-
carnitine (C16), 3-hydroxypalmitoylcarnitine (C16:OH), 
and lauroylcarnitine (C12) in a dose-dependent fashion 
(  Fig. 4A–C  ).  The C12 and C16:OH carnitine species are 
generated as by-products of  � -oxidation. Thus, cellular ac-
cumulation of these intermediates is likely to refl ect in-
creased production of the respective acyl-CoA precursors 
within the mitochondrial compartment. Compared with 

muscle ( Fig. 2C ). Consistent with earlier reports, both pi-
geon and rodent CrAT strongly preferred SCACoAs and 
had essentially no activity with palmityol-CoA. Preference 
for specifi c short-chain substrates differed by species. 
Whereas purifi ed pigeon CrAT preferred propionyl-
CoA>acetyl-CoA>butyryl-CoA, mouse and rat CrAT had 
greatest preference for butyryl-CoA, followed by propio-
nyl-CoA>acetyl-CoA ( Fig. 2B, C ). Affi nity for  L -carnitine 
was similar in the three systems assayed, each showing a  K m   
of  � 0.10 mM ( Fig. 2D ). 

 We next examined palmitoyl-CoA inhibition of CrAT 
activity using the same three systems. Palmitoyl-CoA inhib-
ited purifi ed pigeon CrAT with an IC 50  of 30.6 µM (  Fig. 3A  ), 
 whereas the IC 50  values for recombinant rat CrAT ex-
pressed in HSkMC and mouse CrAT measured in isolated 
muscle mitochondria were 178 µM and 65 µM, respectively 
( Fig. 3B, E ). Oleoyl-CoA inhibited CrAT activity in a simi-
lar manner (data not shown). In isolated mitochondria, 
40–60  � M palmitoyl-CoA reduced the  V max   of CrAT by 11% 
to 23% ( Fig. 3C ). Intersection of the double reciprocal 
(Lineweaver-Burk) plots occurred to the left of the vertical 
(1/v) axis ( Fig. 3D ), refl ecting a mixed-model form of in-
hibition. This result implies a combination of uncompeti-
tive inhibition (inhibitor binds only to the enzyme-substrate 
complex) and competitive inhibition (inhibitor binds only 
in the absence of substrate). Thus, palmitoyl-CoA appears 
to bind CrAT regardless of whether SCACoA substrate is 
already bound. Interestingly, however, the concentration 
of palmitoyl-CoA necessary for half-maximal inhibition of 
CrAT increased from 12 µM to 65 µM in the presence of 

  Fig.   1.  CrAT specifi c activity is diminished by obesity and diabetes. Gastrocnemius muscles were harvested from obese ZDF rats and lean 
control animals, and from adult Wistar rats fed a 10% LF or 45% HF diet for 20 weeks. (A) Tandem mass spectrometry-based measurement 
of the acetylcarnitine:acetyl-CoA ratio. (B) CrAT mRNA expression normalized to 18S. (C) Representative western blots and (D) protein 
abundance of CrAT normalized to the MEMCode stain. (E) Total CrAT enzyme activity and (F) CrAT specifi c activity corrected for CrAT 
protein abundance. Data are expressed as fold change relative to the lean control group and represent means ± SE of 5–8 animals per 
group. *  P  < 0.05 lean versus obese.   
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pattern emerged when we measured acylcarnitine effl ux 
into the culture medium during the same 24 h period of 
lipid exposure (supplementary Fig. V). Despite ample pro-
vision of extracellular carnitine (1 mM), intracellular con-
tent of free carnitine declined in response to lipid 
exposure, particularly in the rAd-CPT1b group. Also note-
worthy, cellular concentrations of free carnitine correlated 
strongly with acetylcarnitine ( Fig. 4H ) but not LCAC (not 
shown). These observations are consistent with the notion 
that lipid exposure antagonizes CrAT activity, not only by 
increasing mitochondrial concentrations of LCACoAs but 
also by reducing availability of free carnitine within the mi-
tochondrial matrix (  Fig. 5  ).   

 DISCUSSION 

 CrAT regulates the intramitochondrial pool of SCA-
CoAs. Because emerging evidence points to a critical 
role for this enzyme in regulating whole-body glucose ho-
meostasis, the present investigation sought to determine 
whether nutritional stresses that perturb metabolic con-
trol alter CrAT expression and/or function. Our study 

the rAd  - � -gal control group, treatment of cells with rAd-
CPT1b caused a 4- to 9-fold increase in cellular levels of 
palmitoylcarnitine (C16), the direct product of the en-
zyme. Overexpression of rAd-CPT1b also elevated most 
LCACs and MCACs, suggesting increased mitochondrial 
transport and catabolism of fatty acids ( Fig. 4A–C ). Be-
cause MCACs and LCACs are thought to be in equilibrium 
with their acyl-CoA counterparts, these results support the 
notion that lipid exposure, especially in combination with 
CPT1b overexpression, leads to a rise in the mitochondrial 
pool of LCACoAs. 

 Interestingly, despite marked lipid-induced increases in 
LCACs and MCACs, a disparate pattern emerged for the 
short-chain products of the CrAT reaction. For example, 
cellular accumulation of butyrylcarnitine (C4) increased 
dose dependently in the control cells but not the rAd-
CPT1b-treated group. On the contrary, conditions of high 
lipid exposure (500  � M O:P) caused C4 levels to decrease 
50% in the cells overexpressing CPT1b as compared with 
controls ( Fig. 4D ). Moreover, fatty acid exposure resulted 
in a dose-dependent decrease in both propionylcarnitine 
(C3) and acetylcarnitine, and this effect was exacerbated 
by CPT1b overexpression ( Fig. 4E–G ). A nearly identical 

  Fig.   2.  CrAT prefers SCACoAs. CrAT enzyme activity was measured with 0.45 mM acyl-CoA substrates of 
various chain lengths and 5.0 mM  L -carnitine using (A) purifi ed CrAT from pigeon breast muscle, (B) lysates 
from primary HSkMCs expressing recombinant rat CrAT, and (C) isolated mitochondria from mouse gas-
trocnemius muscle (MG). (D) CrAT activity as a function of increasing carnitine concentration measured in 
the presence of 0.45 mM acetyl-CoA. Results are expressed as percent of maximal CrAT activity. Data repre-
sent means ± SE from 3 to 5 separate experiments.   
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the acetylcarnitine/acetyl-CoA ratio was accompanied by 
diminished CrAT specifi c activity, which was evident in 
each of three rodent obesity models examined in this study 
( Fig. 1  and supplementary Figs. III and IV). 

 CrAT interconverts acetyl-CoA and acetyl-carnitine with 
an equilibrium constant of 1.5–1.8 ( 21, 22 ). Accordingly, 
carbon fl ux through this enzyme is thought to depend 
simply on local concentrations of its substrates and prod-
ucts. However, we found that obesity and diabetes lowered 
CrAT specifi c activity at a posttranslational level. Our 
search to explain this observation uncovered earlier re-
ports showing that LCACoAs inhibited purifi ed prepara-
tions of pigeon, rat, and bovine CrAT ( 14–16 ). Importantly, 
we were able to reproduce these results in the context of a 
more native enzyme environment. Using isolated mito-
chondria and muscle cell lysates, we found that palmitoyl-
CoA potently inhibited CrAT enzyme activity with an IC 50  
in the range of 12–65  � M. Likewise, 24 h exposure of pri-
mary HSkMCs to high concentrations of fatty acids re-
sulted in a marked decrease in cellular production of 
SCAC species, especially when CPT1b was overexpressed. 
The suppressive effects of fatty acid exposure and CPT1b 
overexpression were specifi c for CrAT-derived metabo-
lites, whereas the medium- and long-chain species changed 
in the opposite direction ( Fig. 3 ). These fi ndings support 
the notion that intramitochondrial accumulation of LCA-
CoAs leads to a reduction in CrAT activity. Although the 
foregoing in vitro assays clearly point to allosteric enzyme 
inhibition as a potential mode of regulation, we cannot 
rule out the possibility that CrAT activity is also modulated 

produced three major fi ndings. First, in skeletal muscle 
and heart from obese rodents, tissue balance between 
acetylcarnitine and acetyl-CoA was disrupted in accor-
dance with reduced CrAT specifi c activity and elevated 
concentrations of LCACoAs. Second, we confi rmed ear-
lier reports that CrAT activity is potently inhibited by LCA-
CoAs. Finally, experiments in primary human myocytes 
showed that nutritional and genetic manipulations that 
promote fatty acid delivery to mitochondria caused a 
marked decline in cellular production and effl ux of 
CrAT-derived acylcarnitines. In aggregate, these results 
suggest that CrAT function is compromised by chronic 
overnutrition, due at least in part to lipid-induced inhibi-
tion of enzyme activity. 

 Chronic overfeeding leads to increased adiposity, hy-
perlipidemia, and ectopic accumulation of triacylglycerol 
and other lipid-derived metabolites in tissues such as liver, 
pancreas, skeletal muscle, and heart ( 18, 19 ). Consistent 
with previous reports ( 2, 5 ), the current study found that 
muscle levels of MCACoAs and LCACoAs, along with sev-
eral even chain acylcarnitine intermediates of fat oxida-
tion, were elevated in rodent models of obesity and 
diabetes.  � -Oxidation is a rich source of SCACoAs, and 
CrAT uses acetyl-CoA substrate derived from both glucose 
and fat catabolism ( 1, 20 ). We therefore anticipated that 
muscle concentrations of acetyl-CoA and acetyl-carnitine 
might rise in concert during periods of nutrient surplus. 
Instead, tissue levels of acetylcarnitine were either diminished 
or remained unchanged at times when acetyl-CoA levels 
trended upward ( Table 1 ). The corresponding decline in 

  Fig.   3.   LCACoAs inhibit CrAT activity. CrAT activity as a function of increasing palmitoyl-CoA concentration was measured using (A) 
purifi ed protein from pigeon breast, (B) isolated mitochondria from primary HSkMCs expressing recombinant rat CrAT, and (C, D) iso-
lated mitochondria from mouse gastrocnemius muscle. Assays in A, B, and E were performed with 0.45 mM acetyl-CoA and 5 mM  L -
carnitine. (E) Palmitoyl-CoA inhibition of CrAT activity as a function of  L -carnitine concentration using isolated mitochondria from mouse 
gastrocnemius muscle. Data represent means ± SE from 3 to 5 separate experiments (A, B) or 5–8 animals per group (C–E).   
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( 24 ), thereby contributing to lipid-induced lowering of 
glucose oxidation ( 25 ). The mechanism by which palmi-
toylation occurs is not entirely clear. Although acylation can 
occur enzymatically via the action of palmitoyltransferase 

  Fig.   4.  Fatty acid exposure and CPT1 overexpression decrease SCAC production in HSkMCs. Acylcarnitine 
levels were measured in lysates prepared from primary HSkMCs treated with rAd encoding  � -gal (fi lled bars) or 
rat CPT1b (open bars). Cells were treated with adenoviruses on differentiation day 3 and harvested on day 7 fol-
lowing 24 h exposure to 1% BSA alone or complexed with 100 or 500 µM 1:1 oleate:palmitate, along with 1 mM 
 L -carnitine. Specifi c acylcarnitine species shown include (A) palmitoylcarnitine (C16), (B) 3-hydroxypalmitoylcar-
nitine (C16:OH), (C) lauroylcarnitine (C12), (D) butyrylcarnitine (C4), (E) propionylcarnitine (C3), (F) acetyl-
carnitine (C2), and (G) free carnitine. (H) Cellular levels of free carnitine and acetylcarnitine were strongly 
correlated. *  P  < 0.05 fatty acid treatment versus BSA control; #  P  < 0.05 rAd-CPT1b versus  � -gal control virus.   

by covalent modifi cation. For example, protein palmitoyla-
tion of critical cysteine residues has been shown to inhibit 
the activities of glycolytic enzymes such as glycerol aldehyde 
phosphate dehydrogenase ( 23 ) and phosphofructokinase-1 
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  Fig.   5.  Proposed model of lipid-induced inhibition of CrAT activity. Fatty acid-derived LCACoAs cross the 
mitochondrial double membrane via the carnitine/acylcarnitine transport system. After traversing the inner 
membrane through the action of carnitine acylcarnitine translocase (CT), the acylcarnitine products of 
CPT1 are converted back to LCACoAs by CPT2, thereby replenishing the matrix pool of free carnitine. CrAT 
coverts SCACoA intermediates of fat, glucose, and amino acid metabolism to SCAC metabolites that can ef-
fl ux from the mitochondria when nutrient supply and catabolism exceed fl ux through the tricarboxylic acid 
cycle (TCAC) and the electron transport system (ETS). CrAT lowers acetyl-CoA and regenerates free CoA, 
which together disinhibits PDH and promotes glucose oxidation. Excessive formation and cellular effl ux of 
LCAC depletes the matrix pool of free carnitine, thereby limiting CrAT activity. Additionally, LCACoAs act 
as direct allosteric inhibitors of CrAT. These mechanisms might serve to counterregulate the activities of 
CrAT and PDH to spare glucose and promote  � -oxidation when lipids are plentiful.   

for a scenario wherein chronic overexposure to lipids lim-
its carnitine availability for the CrAT reaction without in-
hibiting CPT1 activity and/or fat oxidation. 

 The possibility that reduced CrAT activity might impact 
energy metabolism at a physiological level is supported by 
two lines of evidence. First, muscle-specifi c ablation of  Crat  
disrupts whole-body glucose homeostasis in mice ( 1 ). The 
glucose intolerant phenotype of  Crat  M � / �   mice was linked 
to impaired substrate switching from fatty acid to glucose 
oxidation during the fasted-to-fed transition. In the loss-of-
function model, preference for fat oxidation was evident 
systemically by indirect calorimetry as well as in isolated 
mitochondria. At a molecular level, CrAT defi ciency re-
sulted in elevated tissue levels of acetyl-CoA and complete 
loss of carnitine-stimulated PDH activity ( 1 ). Second, di-
etary  L -carnitine supplementation has been shown to im-
prove insulin sensitivity and increase whole-body glucose 
oxidation. In both animal and human studies, the salutary 
effects of carnitine supplementation were associated with 
marked increases in circulating and urinary concentra-
tions of acetylcarnitine, along with elevated PDH activity 
measured in tissue homogenates. Likewise, overexpres-
sion of CrAT in primary human myocytes increases acetyl-
carnitine effl ux and lowers fat oxidation while promoting 
glucose uptake ( 1, 2 ). The major regulatory effect of 
acetyl-CoA on PDH occurs via its activation of the four 
known PDH kinases (PDK1–4), which phosphorylate and 
inactivate the E1a subunit of the complex ( 41 ). Acetyl-CoA 
and free CoA compete for binding to the complex, and 
the half-maximal ratio for PDH phosphorylation is esti-
mated at 0.4 ( 42 ). The acetyl-CoA/CoA ratio in muscle 

( 26 ), concentration-dependent autoacylation has been 
observed in vitro using various purifi ed proteins (reviewed 
in Ref.  27 ). Another factor that might contribute to changes 
in CrAT activity in vivo is a shift in enzyme localization 
between the mitochondrial matrix and inner membrane 
( 28, 29 ). Additional studies are necessary to explore these 
possibilities. 

 Fitting with earlier reports, palmitoyl-CoA inhibition of 
CrAT conformed to a mixed-model interaction with more 
potent inhibition occurring at low carnitine conditions. 
This fi nding is reminiscent of the interaction between 
CPT1 and its natural inhibitor, malonyl-CoA. Thus, carni-
tine competes with malonyl-CoA for binding to CPT1 and 
thereby defends enzyme activity ( 30 ). Because CPT1 and 
CrAT share similar carnitine binding motifs ( 31 ), these 
data support the notion that carnitine acyltransferases are 
susceptible to inhibition when local carnitine concentra-
tions fall. This observation is particularly relevant to obe-
sity, diabetes, and other disease conditions associated with 
carnitine insuffi ciency ( 2, 32–40 ). Moreover, results from 
the current study suggest that the mitochondrial pool of 
free carnitine is more prone to depletion than other com-
partments. For instance, lipid-induced accumulation of 
LCACs in primary HSkMCs was accompanied by dimin-
ished intracellular levels of free carnitine and a marked 
reduction in SCAC production. This fi nding has two im-
portant functional implications. First, owing to its position 
on the outer mitochondrial membrane, CPT1 gains pre-
ferred access to carnitine. Second, persistent production 
and effl ux of LCACs appears to lower carnitine delivery to 
the mitochondrial matrix. These conditions set the stage 
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fl uctuates between 0.1 and 0.8, depending on nutritional 
and physiological circumstances. Thus, small shifts in this 
ratio can contribute to substantive changes in PDH activ-
ity. Considering that CrAT lowers acetyl-CoA and regener-
ates free CoA, chronic inhibition of CrAT by palmitoyl-CoA 
has the potential to elevate the mitochondrial acetyl-CoA/
CoA ratio to a level that promotes PDH phosphorylation 
and inhibits glucose oxidation, both of which are com-
monly observed in obese rodents and humans ( 43–46 ). In 
aggregate, these fi ndings align with the notion that insuf-
fi cient CrAT activity might exacerbate obesity-related met-
abolic derangements. 

 Finally, we consider the biological advantage of dimin-
ished CrAT activity at times when LCACoA concentrations 
rise. Given that CrAT promotes carbon fl ux through the 
PDH complex, perhaps this mechanism contributes to the 
glucose-fatty acid cycle described by Randle et al. ( 25 ). In 
this model, increased supply of lipid substrate promotes 
high rates of  � -oxidation and expansion of the mitochon-
drial acetyl-CoA pool, which in turn inhibits PDH activity 
and glucose disposal. CrAT opposes the Randle mechanism 
by lowering acetyl-CoA and disinhibiting PDH, thereby 
facilitating glucose oxidation ( 25 ). The aforementioned 
reports strongly imply that CrAT-mediated production and 
effl ux of acetylcarnitine promotes muscle glucose dis-
posal during the fasted-to-fed transition ( 1 ). Conversely, 
lipid-induced antagonism of CrAT might serve to coun-
terregulate glucose oxidation during circumstances of 
lipid surplus ( Fig. 5 ). Whereas this mode of regulation 
would be predicted to confer a survival advantage by 
sparing glucose during starvation, we suggest that chronic 
inhibition of CrAT in the context of overnutrition con-
tributes to low PDH activity and glucose intolerance. 
Studies to better understand the pathophysiological im-
plications of reduced CrAT activity now await further in-
vestigation.  
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