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ABSTRACT
Background: Increasing skeletal muscle carnitine content represents
an appealing intervention in conditions of perturbed lipid metabolism
such as obesity and type 2 diabetes but requires chronic L-carnitine
feeding on a daily basis in a high-carbohydrate beverage.
Objective: We investigated whether whey protein ingestion could
reduce the carbohydrate load required to stimulate insulin-mediated
muscle carnitine accretion.
Design: Seven healthy men [mean 6 SD age: 24 6 5 y; body
mass index (in kg/m2): 23 6 3] ingested 80 g carbohydrate, 40 g
carbohydrate + 40 g protein, or control (flavored water) beverages
60 min after the ingestion of 4.5 g L-carnitine tartrate (3 g L-carnitine;
0.1% 2[H]3-L-carnitine). Serum insulin concentration, net forearm carni-
tine balance (NCB; arterialized-venous and venous plasma carnitine dif-
ference 3 brachial artery flow), and carnitine disappearance (Rd) and
appearance (Ra) rates were determined at 20-min intervals for 180 min.
Results: Serum insulin and plasma flow areas under the curve (AUCs)
were similarly elevated by carbohydrate [4.56 0.8 U/L $ min (P, 0.01)
and 0.5 6 0.6 L (P , 0.05), respectively] and carbohydrate+protein
[3.8 6 0.6 U/L $ min (P , 0.01) and 0.4 6 0.6 L (P = 0.05), respec-
tively] consumption, respectively, compared with the control visit (0.046
0.1 U/L $ min and 20.5 6 0.2 L). Plasma carnitine AUC was greater
after carbohydrate+protein consumption (3.5 6 0.5 mmol/L $ min) than
after control and carbohydrate visits [2.16 0.2 mmol/L $ min (P, 0.05)
and 1.96 0.3 mmol/L $ min (P , 0.01), respectively]. NCB AUC with
carbohydrate (4.1 6 3.1 mmol) was greater than during control and
carbohydrate-protein visits (28.66 3.0 and214.66 6.4 mmol, respec-
tively; P, 0.05), as was Rd AUC after carbohydrate (35.76 25.2 mmol)
compared with control and carbohydrate consumption [19.76 15.5 mmol
(P = 0.07) and 14.8 6 9.6 mmol (P , 0.05), respectively].
Conclusions: The insulin-mediated increase in forearm carnitine
balance with carbohydrate consumption was acutely blunted by a
carbohydrate+protein beverage, which suggests that carbohydrate+
protein could inhibit chronic muscle carnitine accumulation.
Am J Clin Nutr 2016;103:276–82.
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INTRODUCTION

There is growing interest in the role of skeletal muscle car-
nitine and its associated enzymes in the perturbation of muscle

lipid metabolism and the etiology of obesity and type 2 diabetes.
Flux through the carnitine palmitoyltransferase 1 (CPT1)2 re-
action is considered rate-limiting to fatty acid oxidation, and
incomplete or insufficient b-oxidation of fatty acids has been
implicated in the development of skeletal muscle insulin re-
sistance (1, 2). In line with the proposal that availability of
skeletal muscle carnitine is limiting to CPT1 flux and fatty acid
oxidation (3), the elevation of muscle carnitine content via acute
L-carnitine infusion (4) or chronic feeding (5) promotes physi-
ologic and gene expression adaptations that are consistent with
enhanced fat oxidation at rest and during moderate-intensity
exercise. Conversely, during high-intensity exercise, when mi-
tochondrial acetyl-group provision is limited (at least partially)
by the activation kinetics of the pyruvate dehydrogenase com-
plex (PDC) enzyme (6), increasing skeletal muscle carnitine
availability and acetylation improves the matching of glycolytic,
PDC, and mitochondrial substrate fluxes (7). The latter obser-
vation has implications for the enhancement of mitochondrial
ATP delivery, a pertinent consideration in disease states that
feature impaired or inadequate skeletal muscle perfusion (8, 9).

Increasing the availability of carnitinewithin skeletal muscle is
therefore a useful research tool to investigate the importance of
these processes in humans in vivo as well as to manipulate muscle
metabolism for health benefits. However, muscle carnitine ac-
cretion, facilitated by the sodium-dependent novel organic cation
transporter 2 (OCTN2) (10), occurs against a 100-fold concen-
tration gradient and hence L-carnitine feeding (11, 12) or intra-
venous infusion (13, 14) alone has no impact on muscle carnitine
content. The simultaneous elevation of plasma carnitine and
serum insulin concentrations has proven effective in stimulating
muscle carnitine uptake in healthy subjects (4, 14), and as such,
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a 20% increase in muscle carnitine can be achieved through
twice-daily consumption of L-carnitine in a beverage containing
80 g carbohydrate over a 12- to 24-wk period (5, 7). However,
such a large carbohydrate load per se (160 g/d) will likely affect
metabolism and alter body composition (5), and so investigation
into alternative oral insulinogenic formulations that can stimu-
late muscle carnitine accumulation with the use of lower car-
bohydrate loads is warranted. For example, whey protein has
previously been given with carbohydrate to promote insulin-
mediated muscle creatine retention (15), and unlike carbohy-
drate, prolonged protein supplementation is unlikely to influence
body fat content (16). Therefore, the aim of the present study
was to acutely assess forearm net carnitine balance (NCB) and
uptake after oral L-carnitine ingestion in combination with 80 g
carbohydrate alone compared with a protein-carbohydrate blend
that would produce a similar serum insulin response.

METHODS

Volunteers

Seven healthy, nonvegetarian men [aged 24.2 6 5.0 y; BMI
(in kg/m2) 23.3 6 3.1] provided written informed consent and
attended a routine medical screening before starting the study,
which was approved by the University of Nottingham Medical
School Ethics Committee.

Experimental protocol

Subjects completed 3 single-blind, randomized (randomiza-
tion.com) visits (Figure 1) after a 10-h fast. On arrival at the
University of Nottingham David Greenfield Physiology Unit,
volunteers voided their bladder and laid semi-supine with one
hand heated to w558C in an air-warming unit. This method
typically achieves arterialized venous oxygen saturation that is
within 3% of arterial blood (17) and consistently obtained .95%
in the one volunteer for whom it was determined in the current
study. A cannula was placed retrograde into a dorsal vein of the
heated hand for arterialized venous blood sampling and into
a deep-lying antecubital vein of the contralateral arm to sample

venous blood draining the forearm muscle bed (18, 19). At t =
0 min, subjects ingested 4.5 g L-carnitine tartrate (Lonza) with
30 mg [methyl-2H3]-L-carnitine (Cambridge Isotopes) in 200 mL
water. At t = 60 min, subjects were given a 500-mL beverage of
either 80 g carbohydrate (CHO visit), 40 g carbohydrate mixed
with 40 g pure whey protein isolate (CHO-PRO visit), or flavored
water (CON visit). The type (Vitargo orange; Swecarb) and
amount of carbohydrate chosen were used previously to increase
muscle carnitine content (5, 7). Whey protein was chosen for its
insulinotropic potency (20), with the isocaloric composition of
carbohydrate+protein intended to elicit a comparable serum in-
sulin response to carbohydrate (15). The whey protein isolate
(PRO10.com) contained no detectable amounts of L-carnitine as
assessed by radioisotopic assay. All drinks were identically
colored and flavored.

Sampling and analysis

Blood was sampled at 10-min intervals for the determination
of arterialized venous serum insulin (Coat-A-Count Insulin;
Siemens Health Care) and plasma acylcarnitine as well as arte-
rialized and deep-venous whole-blood glucose (Yellow Springs
Instruments) and plasma free carnitine (FC) (21) concentrations
and 2[H]3-carnitine enrichment. For the latter, plasma was purified
by strong cation exchange solid phase extraction (30 mg Oasis
MCX 33 mm, 80Å; Waters), dried to a residue, and resuspended
in 0.1% formic acid for analysis by liquid chromatography–
tandem mass spectrometry. Chromatography was performed in
isocratic mode by using 5% acetonitrile, 0.1% formic acid in
water with a C18 Brownlee column (2.1 3 300 mm, 5 mm;
PerkinElmer). The peak area ratio of carnitine (m/z 162 / 60)
to 2H3-carnitine (m/z 165 / 63) was subsequently determined
in positive electrospray ionization mode (Quattro Ultima triple
quad; Micromass Ltd.). Brachial artery blood flow of the non-
heated arm was determined by ultrasound imaging (Aplio SSA-
770A; Toshiba Medical Systems) with a 12-MHz transducer
synchronized to a 3-lead electrocardiogram. Luminal diameter
was imaged 10 cm proximal to the antecubital fossa and mea-
sured with the use of online video calipers. Mean blood velocity
was determined at the same anatomic location by integration of
the pulsed-wave Doppler signal (22). Blood-flow measurements
were made by a single experienced operator (intrarater CV =
14%; calculated from 21 pairs of repeated baseline measure-
ments), and values were converted to plasma flow by using in-
dividual hematocrit fractional concentrations. Urine was collected
from t = 0 until t = 180 min for the determination of urinary total
carnitine excretion (21).

Calculations

Plasma flow (F) was calculated as blood flow 3 (1 –
hematocrit fraction). NCB was calculated by the Fick principle,
as follows: NCB = F $ (Ca 2 Cv#), where Ca is the arterialized
venous and Cv# is the deep-venous FC concentration ad-
justed for non–steady state conditions (23, 24). Fractional
carnitine and glucose extraction were calculated to provide
a flow-independent marker of forearm balance: Extraction =
(Ca 2 Cv#)/Ca $ 100.

The rate of carnitine disappearance (Rd) across the forearm
was calculated from the steady state 2[H]3-carnitine molar percent

FIGURE 1 Experimental protocol for study visits. CHO, carbohydrate;
CHO-PRO, carbohydrate+protein; CON, control; LCMS, liquid chromatography–
mass spectrometry; SPE, solid phase extraction.
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excess (MPE) by using arterialized venous plasma as the pre-
cursor pool (25): Rd = (MPEa $ Ca 2 MPEv $ Cv) $ F O MPEa,
where MPE is the tracer-to-tracee ratio (TTR) expressed as
a percentage enrichment: MPE = TTR O (1 + TTR) 3 100.
The rate of carnitine appearance (Ra) was also calculated: Ra =
Rd – NCB.

Consistent with small-molecule pharmacokinetics, the cal-
culations of Rd and Ra assume rapid carnitine equilibration be-
tween plasma and interstitial fluid compartments. All of the
values were averaged over 20 min. Area under the (variable) 3
time curve (AUC) above baseline was integrated over 0–180 min.

Statistical analysis

On the basis of our previous carnitine feeding and infusion
studies (26, 27), this study was powered at 80% to detect a 10%
difference in NCB in 7 subjects with an a level of 0.05. Time-
dependent variables (serum insulin and plasma free concentra-
tions, plasma flow, NCB, carnitine extraction, MPE, Rd, and Ra)
were analyzed by using 2-factor repeated-measures ANOVA
with Bonferroni-corrected paired t test to isolate main effects
post hoc. Urinary carnitine excretion and AUC were compared
by using 1-factor ANOVA with Tukey’s post hoc test. All sta-
tistical analyses were performed with GraphPad Prism 6
(GraphPad Software). Data presented are means 6 SEMs (SEs)
for 7 subjects.

RESULTS

Serum insulin and forearm glucose balance

Serum insulin concentrations were similar between CON,
CHO, and CHO-PRO groups at 0 min (7 6 2, 5 6 1, and 6 6
1 mU/L, respectively) and did not change during the CON
condition (Figure 2A). Insulin concentration increased rapidly
after carbohydrate and carbohydrate+protein ingestion, peaking
at 100 min (64 6 10 and 72 6 10 mU/L, respectively), and
remained elevated above the CON condition thereafter. AUCs
during the CHO (4.5 6 0.8 U/L $ min) and CHO-PRO (3.8 6
0.6 U/L $ min) visits were 102- and 85-fold greater, respectively,
than in the CON visit (0.046 0.1 U/L $min; P, 0.01) but were
no different between CHO and CHO-PRO visits. Forearm glu-
cose balance AUC was higher during the CHO visit (9.5 6 3.9;
P , 0.05) but not in the CHO-PRO visit (4.3 6 1.0; P = 0.55)
compared with the CON visit (1.2 6 0.3 mmol). An interaction
effect (P , 0.001) for glucose extraction was observed such that
glucose extraction was higher during the CHO and CHO-PRO
visit than during the CON visit from 100 to 180 min and also
higher during the CHO than during the CHO-PRO visit at 100
and 140 min (Figure 2B).

Plasma free, acyl, and urinary total carnitine

Baseline plasma arterialized venous FC concentrations were
no different (42 6 3, 44 6 2, and 42 6 3 mmol/L) for CON,
CHO, and CHO-PRO visits, respectively, and increased equiv-
alently over the first hour after L-carnitine ingestion. After the
ingestion of the treatment drink, FC increased sharply during the
CHO-PRO visit and remained elevated above CHO and CON
conditions, which continued to increase steadily, for the re-
mainder of the visit (P , 0.001; Figure 3A). FC AUCs during

the CHO-PRO condition (3.5 6 0.5 mmol/L$min) were 67%
and 84% greater than during the CON (2.1 6 0.2 mmol/L $ min;
P , 0.05) and CHO (1.9 6 0.3 mmol/L $ min; P , 0.01) con-
ditions, respectively. Plasma acylcarnitine was unchanged during
the CON and CHO visits (P . 0.05 compared with baseline) but
increased after carbohydrate+protein ingestion (P , 0.05 com-
pared with baseline), such that the AUC in the CHO-PRO visit
(0.56 6 0.24 mmol/L $ min) was greater (P , 0.05) than in
both CON (0.34 6 0.15 mmol/L $ min) and CHO (0.34 6
0.19 mmol/L $ min) visits. Urinary total carnitine excretion
was similar during CON (46 6 14 mg) and CHO (45 6 34 mg)
conditions but was 98% and 106% greater in the CHO-PRO visit
(92 6 18 mg) than in the CON and CHO visits, respectively
(both P , 0.05).

Plasma flow

Plasma flow was similar at baseline for the CON, CHO, and
CHO-PRO trials (40 6 7, 47 6 10, and 44 6 9 mL/min, re-
spectively) and did not change over the first hour. A main effect
of drink (P , 0.05) was observed such that plasma flow was
greater in CHO and CHO-PRO visits than in the CON visit
(Figure 3B). Plasma flow AUC above baseline (0–60 min) was

FIGURE 2 Arterialized venous serum insulin (A) and whole-blood glu-
cose extraction (B) after ingestion of 4.5 g L-carnitine tartrate (t = 0 min) and
a 500-mL drink (arrow) containing flavored water (CON; circles), 80 g
carbohydrate (squares), or 40 g carbohydrate + 40 g whey protein (triangles)
at t = 60 min. Values are means 6 SEs (n = 7) and were compared by using
2-factor (drink 3 time) ANOVA with Tukey’s or Bonferroni tests used for
post hoc subgroup comparisons after the observation of a significant main or
interaction effect, respectively. A significant interaction effect was found for
serum insulin (P , 0.001) and glucose extraction (P , 0.001) with post hoc
subgroup comparisons denoted as follows: ***P , 0.001 (CHO compared
with CON); yP , 0.05, yyP , 0.01, and yyyP , 0.001 (CHO-PRO com-
pared with CON); zP , 0.05 and zzP , 0.01 (CHO compared with CHO-
PRO). CHO, carbohydrate; CHO-PRO, carbohydrate+protein; CON, control.

278 SHANNON ET AL.



greater in the CHO visit (0.5 6 0.6 L; P , 0.05) and tended to
be greater in the CHO-PRO visit (0.4 6 0.6 L; P = 0.05) than in
the CON visit (20.5 6 0.2 L).

Net forearm carnitine balance and extraction

NCB across the forearm is shown in Figure 3C and was un-
changed over the 1 h after L-carnitine ingestion. After con-
sumption of the treatment drink, NCB increased in the CHO
visit only (interaction effect, P , 0.05), peaking at 120 min
(135 6 60 nmol/min) above CON (226 6 40 nmol/min; P ,
0.05) and CHO-PRO (2113 6 107 nmol/min; P , 0.05) con-
ditions. This resulted in a greater AUC in the CHO visit (4.1 6
3.1 mmol) than in the CON (28.6 6 3.0 mmol) and CHO-PRO
(214.6 6 6.4 mmol) visits (P , 0.05). Carnitine extraction was

also higher (P , 0.05) in the CHO trial (3.1% 6 1.2%, 3.2% 6
1.7%, and 3.0% 6 0.9%) than in the CHO-PRO trial (22.9% 6
2.5%, 22.4% 6 2.9%, and 22.9% 6 2.3%) at t = 100, 120, and
180 min, respectively, and tended to be higher (P = 0.09) in the
CHO trial than in the CON trial (21.2%6 1.5%) at t = 120 min.

Plasma [2H3]-carnitine enrichment, Rd, and Ra

Plasma [2H3]-carnitine enrichment reached a steady state after
t = 80 min in all trials, with a similar MPE attained in CON and
CHO visits (w0.14%) but with a slightly higher MPE ofw0.2%
in the CHO-PRO visit (Figure 4A). The plasma carnitine Rd was

FIGURE 3 Plasma arterialized venous free carnitine concentration (A),
brachial artery plasma flow (B), and forearm NCB (C) after ingestion of 4.5 g
L-carnitine tartrate (t = 0 min) and a 500-mL drink (arrows) containing flavored
water (CON; circles), 80 g carbohydrate (squares), or 40 g carbohydrate + 40 g
whey protein (triangles) at t = 60 min. Values are means 6 SEs (n = 7) and
were compared by using 2-factor (drink 3 time) ANOVA with Tukey’s or
Bonferroni tests used for post hoc subgroup comparisons after the observation
of a significant main or interaction effect, respectively. Plasma flow was greater
in both CHO and CHO-PRO groups compared with the CON group (main
effect of drink, P , 0.05). An interaction effect (P , 0.05) was found for
plasma free carnitine and NCB with post hoc subgroup comparisons denoted
as follows: *P, 0.05 (CHO compared with CON); yyyP, 0.001 (CHO-PRO
compared with CON); zP , 0.05, zzP , 0.01, and zzzP , 0.001 (CHO
compared with CHO-PRO). CHO, carbohydrate; CHO-PRO, carbohydrate+
protein; CON, control; NCB, net carnitine balance.

FIGURE 4 Arterialized venous plasma [3H2]-carnitine enrichment
(MPE; A), Rd (B), and Ra (C) after ingestion of 4.5 g L-carnitine tartrate
(t = 0 min) and a 500-mL drink (arrows) containing flavored water (CON;
circles), 80 g carbohydrate (squares), or 40 g carbohydrate + 40 g whey
protein (triangles) at t = 60 min. Values are means 6 SEs (n = 7) and
were compared by using 2-factor (drink 3 time) ANOVAwith Tukey’s or
Bonferroni tests used for post hoc subgroup comparisons after the observa-
tion of a significant main or interaction effect, respectively. An interaction
effect (P , 0.001) was found for plasma [3H2]-carnitine enrichment with
post hoc subgroup comparisons denoted as follows: yyP , 0.01 and yyyP ,
0.001 (CHO-PRO compared with CON); zP, 0.05, zzP, 0.01, and zzzP,
0.001 (CHO compared with CHO-PRO). CHO, carbohydrate; CHO-PRO,
carbohydrate+protein; CON, control; MPE, molar percent excess; Ra, rate
of carnitine appearance; Rd, rate of carnitine disappearance.
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unchanged throughout in the CON and CHO-PRO visits but
tended to increase in the CHO visit (Figure 4B), resulting in
a 1.8- and 2.4-fold greater AUC above zero in the CHO visit
(35.7 6 25.2 mmol) than in the CON (19.7 6 15.5 mmol; P =
0.07) and CHO-PRO (14.8 6 9.6 mmol; P , 0.05) visits, re-
spectively. Carnitine Ra was similar and no different from zero
in the CON, CHO, and CHO-PRO visits (Figure 4C).

DISCUSSION

To our knowledge, these novel data provide the most direct
measurement to date of acute muscle carnitine uptake in vivo in
humans and show that the ingestion of a carbohydrate beverage is
able to promote a positive NCB across the forearm, indicative of
accelerated muscle carnitine accretion. Moreover, the replacement
of some of this carbohydrate with whey protein prohibited any
increase in NCB, despite inducing a similar serum insulin and
plasma flow response. Thus, it would appear that the mechanism by
which insulin stimulatesmuscle carnitine transport is antagonized by
a large bolus of whey protein.

Studies from this laboratory previously showed that the ele-
vation of plasma carnitine concentration via intravenous infusion
alone has no impact on muscle carnitine content (14), whereas
acute (28) or chronic (11) oral dosing of L-carnitine does not
affect net leg carnitine balance or muscle carnitine content, re-
spectively. A recent study of porcine arteriovenous carnitine
fluxes confirmed that net muscle carnitine uptake/efflux is neg-
ligible under normal conditions, with systemic concentrations of
carnitine and acylcarnitines largely governed by gut absorption,
hepatic release, and renal filtration (29). The latter is consistent
with the preservation of total muscle carnitine under conditions
of increased metabolic flux, such as during hyperinsulinemic-
euglycemic insulin clamp (4), or exercise (7). These data refute
the speculated role of skeletal muscle acetylcarnitine influx/
efflux in metabolic health (30, 31) and question the validity of
the physiologic inferences that can be made from in vitro studies
of carnitine metabolism (31, 32). In agreement with previous in
vivo data and consistent with the high concentration gradient
between plasma and tissues, carnitine ingestion in the current
study had no detectable impact on NCB during the CON con-
dition. In contrast, carbohydrate facilitated a positive NCB
across the forearm, further validating the ingestion of L-carnitine
in a carbohydrate beverage as a means to augment muscle car-
nitine content (7). The majority of the measured plasma carni-
tine extraction across the forearm likely occurred into skeletal
muscle (33), and thus it is possible to estimate whole-body rates
of insulin-stimulated muscle carnitine accretion. Insulin was
elevated from 80 to 180 min during the CHO condition, over
which period the NCB AUC was 7.9 mmol greater than with the
CON condition. Assuming an average forearm muscle mass of
0.6 kg (18, 34) and a whole-body muscle mass of 30 kg, this
equates to a whole-body muscle carnitine uptake of 390 mmol
above the CON condition. This aligns well with the 370 mmol
(60 mg) of carnitine retention predicted from differences in
urinary carnitine excretion in a previous study (27). Extended to
a chronic feeding scenario, this would equate to a daily increase
in muscle carnitine content of 13 mmol $ kg wet weight21,
which would augment muscle total carnitine content stores
(w5 mmol $ kg wet weight21) by 22% over 12 wk. Again,
this extrapolation is in good agreement with the 21% increase

in muscle carnitine content reported by Stephens et al. (5) and
provides indirect validation for our values of NCB.

Limb/organ balance models normally preclude definitive
conclusions on whether substrate uptake, efflux, or a combination
of the 2 has occurred (29). Here, the use of 2H3-carnitine tracer
enabled a more direct interrogation of muscle carnitine uptake.
The average rate of forearm carnitine disappearance throughout
the CON trial (w9 mmol $ kg $ h21) is very similar to estimated
rates of basal muscle carnitine uptake (11.6 mmol $ kg $ h21)
from compartmental modeling of intravenously administered
[3H]-carnitine kinetics (35). Peak Rd during carbohydrate in-
gestion was numerically 15-fold higher than the equivalent time
point in the CON condition and tended to be greater when
compared over the entire treatment period (AUC). It could be
argued that increases in NCB and Rd during carbohydrate in-
gestion were related to greater plasma flow. However, carnitine
fractional extraction, which does not depend on flow, was also
elevated after carbohydrate ingestion but not with the CON
condition, whereas plasma flow was similarly elevated above the
CON condition in the CHO-PRO visit (in which extraction was
unchanged). Moreover, peak carnitine Rd during the CHO
condition coincided with peak serum insulin concentration,
suggesting that the positive NCB during carbohydrate ingestion
is more likely attributable to an upregulation of muscle carnitine
transport, rather than plasma flow.

Serum insulin concentrations were elevated above the 50-mU/L
threshold for stimulating muscle carnitine uptake (26) for a similar
duration in the CHO and CHO-PRO visits, coinciding with the
elevation of NCB in the CHO visits. It was thus surprising that
NCB was not similarly increased during the CHO-PRO condi-
tion, a finding supported by the observations that Rd was sup-
pressed, whereas plasma carnitine concentration and urinary
carnitine excretion were augmented in the CHO-PRO relative to
CHO conditions. One possible explanation for this is an antag-
onism of muscle carnitine transport by acylcarnitines, which
were elevated in the plasma throughout the period of hyper-
insulinemia in the CHO-PRO visit and are known to inhibit
the activity of OCTN2 (36), the obligate transporter protein in
muscle carnitine accumulation (10, 37). Indeed, plasma acyl-
carnitines have been shown to accumulate in response to ex-
cessive amino acid oxidation or incomplete b-oxidation (38) and
are characteristically elevated in the insulin-resistant state (39), a
scenario in which muscle carnitine accumulation is purportedly
compromised.

Whey protein ingestion (w30-g bolus) was recently shown to
impair insulin-stimulated glucose disposal (40), which is con-
sistent with the lower forearm glucose extraction in CHO-PRO
compared with CHO conditions in the current study. A similar
effect of increased amino acid availability on insulin-mediated
muscle carnitine uptake cannot be ruled out, because high rates
of insulin-responsive, sodium-dependent amino acid flux could
plausibly restrict cationic muscle carnitine transport (41, 42),
although this requires further study. It should also be noted that
the increased glucose extraction in the CHO condition aligns
with previous reports of increased glucose disposal after an acute
increase in skeletal muscle carnitine (4, 43). Why the uptake of
carnitine by skeletal muscle would be inhibited by protein, given
that the predominant dietary source of carnitine is meat (44), is
somewhat perplexing, although it should be noted that the large
bolus of protein ingested in this study is excessive compared with
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the protein content of a normal mixed meal. Nevertheless, a slow
postprandial transport of carnitine into muscle, together with a
negligible Ra of carnitine from muscle, is entirely consistent with
the stability and slow turnover of the muscle carnitine pool (35).

It was previously suggested that amino acids could inhibit
L-carnitine intestinal absorption (45). However, the greater uri-
nary and plasma carnitine in the CHO-PRO visit during the
current study may provide evidence to the contrary. When
compared with the CHO visit, the elevated plasma and urinary
carnitine in the CHO-PRO visit can reasonably be accounted for
by the estimated difference in muscle carnitine uptake. When
comparing CON and CHO-PRO trials, however, during which
NCB was similarly negligible, the differences in plasma and
urinary carnitine would suggest that carnitine absorption was not
equal across all trials. Considering the low rate of endogenous
carnitine synthesis, w25 nmol/min for a 75-kg nonvegetarian
man (46) and assuming a negligible intracellular release of
carnitine during the CON and CHO-PRO conditions (Ra was not
different from zero), the greater plasma MPE during the CHO-
PRO condition likely reflects a greater absorption of exogenous
carnitine into the endogenous carnitine pool. On the basis of
previous studies (47–49), it was expected that a 3-g dose of
L-carnitine would saturate intestinal active carnitine transport
and thus facilitate equivalent carnitine absorption across all
trials. However, and in contrast to the suggestion that amino
acids may inhibit intestinal carnitine absorption, these findings
infer that protein ingestion may increase coingested carnitine
absorption. This reconciles with the predominant dietary sources
of carnitine and, given the blunting of forearm NCB in the CHO-
PRO condition, also implies that the mechanism and regulation
of intestinal carnitine absorption are perhaps different from
those of skeletal muscle. It is important to acknowledge that the
use of arterialized venous sampling may lead to a systematic
underestimation of arterial carnitine extraction, but assuming
a similar arterialization was obtained across all visits, the im-
plications of these data still remain valid.

In conclusion, the novel use of an acute arteriovenous forearm
balance model with 2H3-L-carnitine tracer methodology affirms
the absence of appreciable muscle carnitine uptake (or efflux)
after L-carnitine ingestion alone and confirms the efficacy of
a carbohydrate beverage in promoting muscle carnitine accre-
tion. Conversely, a carbohydrate+protein blend entirely blunted
this stimulation of muscle carnitine uptake, despite comparable
serum insulin concentration, plasma flow responses, and ap-
parent increased intestinal carnitine absorption.
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