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Relationship between plasma free fatty acid,
intramyocellular triglycerides and long-chain acylcarnitines
in resting humans
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We hypothesized that plasma non-esterified fatty acids (NEFA) are trafficked directly to
intramyocellular long-chain acylcarnitines (imLCAC) rather than transiting intramyocellular
triglycerides (imTG) on the way to resting muscle fatty acid oxidation. Overnight fasted adults
(n = 61) received intravenous infusions of [U-13C]palmitate (0400–0830 h) and [U-13C]oleate
(0800–1400 h) labelling plasma NEFA, imTG, imLCAC and im-non-esterified FA (imNEFA).
Two muscle biopsies (0830 and 1400 h) were performed following 6 h, overlapping, sequential
palmitate/oleate tracer infusions. Enrichment of plasma palmitate was ∼15 times greater than
enrichment of imTG, imNEFA-palmitate and im-palmitoyl-carnitine. Fatty acid enrichment
in LCAC was correlated with imTG and imNEFA; there was a significant correlation between
imTG concentrations and imLCAC concentrations in women (r = 0.51, P = 0.005), but not
men (r = 0.30, P = 0.11). We estimated that ∼11% of NEFA were stored in imTG. imTG NEFA
storage was correlated only with NEFA concentrations (r = 0.52, P = 0.004) in women and with
V̇O2,peak (r = 0.45, P = 0.02) in men. At rest, plasma NEFA are trafficked largely to imTG before
they enter LCAC oxidative pools; thus, imTG are an important, central pool that regulates the
delivery of fatty acids to the intracellular environment. Factors relating to plasma NEFA storage
into imTG differ in men and women.
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Introduction

Excess fatty acid availability has been linked with muscle
insulin resistance via several pathways, including the
classic glucose–fatty acid cycle (Randle et al. 1963),
long-chain acyl-CoAs (Ellis et al. 2000), diacylglycerols
(Chen et al. 1991) and ceramides (Stratford et al. 2004).
Although early reports (Dagenais et al. 1976) suggested
that NEFA enter imTG pools prior to oxidation, it
is now widely believed that a significant portion of
plasma NEFA do not first enter intramuscular triglycerides
(imTG), but instead are trafficked directly into long-chain
acyl-carnitines (LCAC), the obligate precursor pool for

mitochondrial fatty acid oxidation in muscle. NEFA tracer
studies have shown leg release of isotopically labelled CO2

(Sidossis et al. 1996; Rasmussen et al. 2002; Sacchetti
et al. 2002, 2004) in a time frame that is interpreted
as indicating direct entry of NEFA to the LCAC pool.
In addition, animal studies have suggested that ∼1/3
of NEFA taken up by muscle are directly converted to
LCAC based upon the isotopic enrichment in plasma
NEFA and intramyocellular LCAC (Sun et al. 2006). If
this is true, plasma NEFA are a substantial, proximal
source of fatty acids that muscle requires to meet oxidative
needs and imTG play a largely passive role in muscle
metabolism.
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Although cross-sectional data (Pan et al. 1997;
Jacob et al. 1999; Goodpaster et al. 2000) and inter-
vention studies (Boden et al. 2001) have linked greater
intramyocellular triglyceride (imTG) concentrations to
obesity and insulin resistance, it has been proposed
that defects in muscle fatty acid oxidation predispose to
increased imTG (Colberg et al. 1995; Kelley & Mandarino,
2000). Confounding these theories is the fact that
aerobically fit adults have greater imTG concentrations
than sedentary individuals (Kiens et al. 1993) and women
have greater imTG than men (Steffensen et al. 2002;
Roepstorff et al. 2006) yet are not insulin resistant. In
order to understand the inter-relationships between these
fatty acid pools it is necessary to directly measure the
relationship between plasma NEFA, imTG fatty acids and
LCAC in humans. Assays allowing the measurement of
LCAC concentrations and enrichment in muscle have
recently been developed (Guo et al. 2006; Sun et al.
2006). Thus, it is now possible to determine if the
enrichment of fatty acids in imLCAC of humans more
closely reflect plasma, indicating a direct trafficking of
NEFA to oxidation, or imTG, which would suggest this
pool plays a more central role in lipid fuel delivery than is
currently suspected.

The purpose of this study was to examine the
relationship between plasma NEFA and imTG, LCAC and
imNEFA, and to identify important clues to the under-
standing of imTG synthesis. We hypothesized that plasma
NEFA are direct precursors of the LCAC pool. By giving
intravenous infusions of 13C-free fatty acid (FFA) tracers
combined with muscle biopsies using a pulse–chase study
design (Spriet et al. 1986; Guo et al. 2000), we can relate
plasma NEFA concentrations and enrichment to LCAC
concentrations and enrichment in the context of imTG.
Our findings refute the hypothesis that plasma NEFA are
direct, major contributors to muscle fatty acid oxidation in
resting, overnight postabsorptive humans. We also report
that NEFA incorporation into imTG seems to follow
sex-specific patterns that have implications for under-
standing potential treatments.

Methods

Subjects

Sixty-one volunteers (31 males, 30 premenopausal
females), body mass index (BMI) 18–38 kg m−2,
participated in this Mayo Institutional Review Board
(IRB) approved study. The participants provided written,
informed consent in accordance with the Declaration of
Helsinki. They were recruited to include a wide range of
activity/fitness levels, from sedentary to highly trained,
including normal weight men (n = 6) and women (n = 7)
who exercised > 30 min per day 4 times per week for at
least 2 years.

Body composition and fitness testing

Total body fat and fat free mass (FFM), and regional
fat and FFM were assessed using dual-energy x-ray
absorptiometry (DEXA) and a single slice computerised
tomography (CT) scan at L2-3 interspace to measure
visceral and abdominal subcutaneous fat area (Jensen et al.
1995b). Approximately 1 week prior to the study, peak
aerobic capacity (V̇O2,peak) was determined on a treadmill
with a modified Bruce protocol (Doan et al. 1965), with
heart rate monitored by a 10-lead electrocardiogram.

Experimental design

Figure 1 shows the design of the study. The volunteers
maintained their usual physical activity during the week
before the study, but were asked not to participate in
vigorous physical exercise the day prior to admission.
They consumed an isocaloric diet for 5 days prior to the
study (55% carbohydrates, 30% fat and 15% protein),
prepared by the Mayo General Clinical Research Center
(GCRC) metabolic kitchen. The evening of the last day the
participants were admitted to the GCRC and fasted after
the evening meal. Prior to beginning the tracer infusions,
baseline blood samples were collected for measurement
of background plasma NEFA enrichment, which was

Figure 1. Schematic of the experimental design
Time is presented as clock time. RMR, resting metabolic rate using indirect calorimetry; FFM, fat free mass.
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also used to estimate the background enrichment of
intramyocellular fatty acids. An intravenous catheter
was placed in a forearm vein and kept patent with
a continuous infusion of 0.45% NaCl. To study the
relationship between plasma NEFA and intramyocellular
fatty acid metabolites we used a pulse–chase approach
similar to that previously reported (Guo et al. 2000).
To pre-label (pulse) the imTG pool, a continuous
infusion of albumin-bound [U-13C]palmitate (6 nmol (kg
FFM)−1 min−1) was initiated at 0400 h and continued
until the first muscle biopsy at 0830 h. At 0800 h, a
continuous infusion of albumin-bound [U-13C]oleate
(6 nmol (kg FFM)−1 min−1) was started to act as the ‘chase’
isotope and continued until 1400 h. Blood samples were
collected at 10 min intervals between 0800 and 0830 h
using the heated hand vein technique from a retrograde
intravenous catheter. Resting energy expenditure (REE)
was measured from 0730–0750 h using a DeltaTrac
Metabolic Cart (Yorba Linda, CA, USA). After the blood
samples and REE measurements, a muscle biopsy was
taken from the vastus lateralis under local anaesthesia (2%
lidocaine : 8.9% sodium bicarbonate, 3 : 1) using sterile
technique. After anaesthetizing the skin and subcutaneous
tissues a layer of anaesthetic was infiltrated over the outer
surface of the muscle fascia. Sufficient time was allowed for
complete anaesthesia before we made the skin and muscle
fascia incisions used to insert the Bergstrom needle to
perform the biopsies. The volunteers remained in bed until
the completion of the second biopsy, but were asked to
move both legs every 15 min to avoid complete immobility.
Between 1300 and 1300 h REE was measured and blood
samples were collected at 10 min intervals for measuring
NEFA enrichment. This was immediately followed by a
second muscle biopsy taken from the contralateral leg.
The volunteers remained in the GCRC until the following
morning.

The muscle tissue (∼300 mg) was immediately washed
of blood using an ice-cold normal saline solution, dissected
of all visible adipose tissue, further rinsed of lipid droplets,
and saved immediately in liquid N2. Samples were stored
at −80◦C until analysis.

Materials

[U-13C]palmitate and [U-13C]oleate were obtained
from Isotec (Miamisburg, OH, USA), as were
custom-synthesized standards for [U-13C]LCAC. The
NEFA were prepared for intravenous infusion as a solution
of 0.3% albumin in 0.9% NaCl.

Plasma substrate analyses

Plasma glucose was measured using a Beckman (Beckman
Instruments, Fullerton, CA, USA); Plasma total NEFA,

oleate and palmitate concentrations were measured by
HPLC (Miles et al. 1987; Jensen et al. 1988). In brief,
after adding [2H31]palmitate as an internal standard
to plasma samples the NEFA were extracted using a
Dole solution and phenacyl derivatives created. The
NEFA were injected onto a 5 μm octadecyl silica
column, eluted with acetonitrile : H2O (83 : 17) and the
peak heights measured by UV detection at 254 nm.
Plasma palmitate and oleate enrichments were measured
using gas chromatography/combustion/isotope ratio mass
spectrometry (GC/C/IRMS) (Guo et al. 1997). Plasma and
muscle triglyceride concentrations were measured by a
microflourometric method (Humphreys et al. 1990).

Muscle lipids

The frozen muscle samples were first meticulously
dissected free of extra-myocellular adipocytes while being
kept near 0◦C (Guo et al. 2001). This approach has
been shown to eliminate extra-myocellular TG and we
have shown that there are no adipocytes inside the
perimysium to contaminate true imTG (Guo et al.
2001). The resultant muscle was then pulverized into
fine powder by using a stainless-steel mortar and
pestle on dry ice. The powder was extracted for total
lipids (Folch et al. 1957), from which triglyceride was
purified by HPLC (Christie, 1985). The purified muscle
triglyceride was directly transmethylated by using 2.5%
H2SO4 in methanol at 70◦C for 2 h. The enrichment of
imTG palmitate and oleate and imNEFA palmitate and
oleate were determined by GC/C/IRMS (Guo & Jensen,
1998). Intramyocellular palmitoyl- and oleyl-carnitine
concentrations and enrichments were measured using
liquid chromatography/electrospray ionization ion-trap
tandem mass spectrometry (LC/MS/MS) (Guo et al.
2006). Intramyocellular palmitoyl- and oleyl-carnitine
concentrations and enrichments were measured by
LC/MS/MS as previously described in Guo et al. 2006
with the following modifications – the palmitoyl- and
oleyl-carnitines were separated on a Varian C8 100 ×
2.0 mm column with 3 mm particle (Palo Alto, CA,
USA) at 0.25 ml min−1 flow rate via Cohesive TX2 liquid
chromatography system-LC (Franklin, MA, USA). All
ions were monitored in multi-reaction-mode (MRM) on
an Applied Biosystem API5000 mass spectrometer-MS
(Foster City, CA, USA).

To test for incomplete oxidation products of palmitate
and oleate we used the same approach to test muscle
sample extracts for [U-13C]myristoyl–carnitine.

Calculations

Assessment of NEFA kinetics using oleate tracers.
Palmitate and oleate flux were calculated as μmol min−1
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using steady state formulas because concentration and
enrichment were stable over the sampling intervals.
The average palmitate and oleate enrichment were used
to calculate steady state rates of appearance (Ra) and
disappearance (Rd). Palmitate and oleate flux were
converted to total NEFA flux using the relationship
between plasma oleate concentrations and total NEFA
concentrations (measured by HPLC (Jensen et al. 1990)).
Oleate was the tracer of choice for NEFA kinetics because
it was in use during both the morning and afternoon
sampling intervals, whereas the palmitate tracer was only
being infused during the morning interval.

Storage of NEFA in imTG. To calculate the storage of
NEFA into imTG we used the increase in imTG palmitate
or imTG oleate enrichment that occurred during the
tracer infusion and the plasma NEFA-palmitate and oleate
enrichments. The formulas we employed are as follows:

Storage of [U-13C]palmitate in imTG over 6 h =
([morning imTG-palmitateMPE

− baseline NEFA palmitateMPE]

×[morning imTG-palmitate (mmol/gm)])

Storage of plasma NEFA-palmitate in imTG =
storage of [U-13C]palmitate in imTG

/plasma NEFA palmitateMPE

The same formulas were used to calculate the storage of
[U-13C]oleate in imTG and plasma NEFA-oleate in imTG,
but employed the afternoon muscle biopsy and plasma
data.

In essence, the changes in enrichment of imTG
palmitate (morning biopsy) and imTG oleate (after-
noon biopsy) during the tracer infusions were derived
by subtracting the enrichments observed after the 6 h
infusion from each individual’s background plasma NEFA
palmitate or oleate enrichment. Previous work (Sacchetti
et al. 2004) has shown that imTG enrichment increases
in a linear fashion over this interval of time. Thus,
for the morning muscle biopsy, the imTG palmitate
concentration (μmol (gm muscle)−1 – palmitate was
∼23% of imTG fatty acids) was multiplied by the imTG
palmitate enrichment to determine the accumulation of
infused tracer in imTG over 6 h. The same approach was
used to measure NEFA storage in imTG using the after-
noon muscle biopsy and the [U-13C]oleate tracer, except
that oleate was ∼33% of imTG fatty acids. The tracer
content (μmol of [U-13C]palmitate or [U-13C]oleate) in
imTG was divided by the average plasma palmitate or
oleate enrichment to determine the accumulation of NEFA
into imTG (μmol NEFA (gm skeletal muscle)−1 h−1).

Whole body skeletal muscle mass was derived from
DEXA FFM using the estimates that 53% and 47% of

fat free mass is skeletal muscle in men and women,
respectively (Wang et al. 1996, 2001). To the extent that
vastus lateralis is representative of skeletal muscle in
general, it is possible to estimate the fraction of NEFA
stored in whole body skeletal imTG. We used plasma
NEFA storage rates (μmol NEFA/whole body skeletal
muscle h−1) divided by NEFA flux (μmol h−1) to calculate
the per cent of NEFA stored in imTG.

Fatty acid oxidation rates were calculated using V̇O2 ,
V̇CO2 and urinary nitrogen excretion rates with published
formulas (Frayn, 1983).

Statistical analysis

The statistical analysis was conducted using SPSS (version
16.0, Chicago, IL, USA). An independent t test was used
to compare the descriptive characteristics of the subject
by gender and a separate independent t test to show
differences in enrichment between the muscle biopsies
taken in the morning and afternoon. A Pearson’s product
correlation was used to determine an association between
variables. Values are expressed as means ± standard
deviation (S.D.).

Results

Volunteer characteristics (Table 1)

Women were slightly older (∼4 years) than the men
(P < 0.01), but otherwise were of comparable average
BMI and fitness level. The men had a greater visceral fat
area (P < 0.05) and the women had a slightly, but not
significantly greater abdominal subcutaneous fat area.

Plasma NEFA (Table 2)

As expected, plasma NEFA concentrations (P < 0.0001)
and flux (P < 0.0005) increased from morning to after-
noon as a result of an additional 6 h of fasting. The fat
oxidation rates were greater in the afternoon at the time
of the second biopsy than in the morning (301 ± 11 and
271 ± 10 μmol min−1). Average plasma NEFA palmitate
and oleate enrichment values during the morning and
afternoon study intervals are also given in Table 2. As
the [U-13C]palmitate infusion was discontinued after
the morning biopsy, the enrichment in plasma NEFA
palmitate in the afternoon had decreased by ∼95% from
the morning to the afternoon study interval.

Intramyocellular fatty acid concentrations

Table 2 provides imTG concentrations (μmol (g wet
weight)−1) observed after an overnight fast and 6 h
later. There was no significant difference in imTG
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Table 1. Subject characteristics

Female Male

Age (years) 38 ± 1 34 ± 1 P = 0.003
BMI (m kg−1) 26.9 ± 1.1 27.3 ± 1.1
Weight (kg) 74.64 ± 3.54 88.72 ± 3.48 P = 0.006
Fat free mass (kg) 45.94 ± 1.14 64.23 ± 1.12 P = 0.0001
Per cent body fat 36 ± 2 24 ± 2 P = 0.0001
Waist circumference (cm) 92 ± 4 94 ± 4
Hip circumference (cm) 106 ± 3 103 ± 3
Waist : hip ratio 0.86 ± 0.02 0.91 ± 0.02 P = 0.023
Visceral fat (cm2) 75 ± 17 133 ± 17 P = 0.019
Abdominal subcutaneous fat (cm2) 183 ± 24 157 ± 24
Thigh muscle (cm2) 216 ± 11 302 ± 12 P < 0.0001
Thigh fat (cm2) 247 ± 22 122 ± 23 P < 0.0001
Resting V̇O2 217 ± 29 274 ± 40 P < 0.01
Resting RER 0.81 ± 0.05 0.80 ± 0.03
V̇O2,peak (ml (kg FFM)−1 min−1) 48.3 ± 1.9 51.6 ± 1.9

Values are mean ± standard error. BMI, body mass index; body fat and muscle area were
measured using a single slice computed tomography scan of the abdomen and of the thigh;
RER, respiratory exchange ratio.

Table 2. Plasma and intramyocellular fatty acid data

AM PM

Plasma
NEFA concentrations (μmol l−1) 418 ± 159 652 ± 200∗

NEFA flux (μmol min−1) 392 ± 142 461 ± 140∗

imTG (μmol gm−1) 2.25 ± 1.49 2.33 ± 1.60
Palmitoyl-carnitine (μmol gm−1) 0.078 ± 0.026 0.073 ± 0.029
Oleyl-carnitine (μmol gm−1) 0.276 ± 0.133 0.271 ± 0.132

NEFA
Palmitate MPE 0.366 ± 0.151 0.020 ± 0.008∗

Oleate MPE 0.226 ± 0.115 0.178 ± 0.061∗

Muscle
imTG

Palmitate MPE 0.021 ± 0.008 0.022 ± 0.009
Oleate MPE 0.012 ± 0.004 0.018 ± 0.009∗

LCAC
Palmitoyl-carnitine MPE 0.024 ± 0.010 0.017 ± 0.008∗

Oleyl-carnitine MPE 0.004 ± 0.003 0.019 ± 0.011∗

imNEFA
Palmitate MPE 0.024 ± 0.014 0.021 ± 0.011
Oleate MPE 0.012 ± 0.007 0.025 ± 0.012∗

∗P < 0.01 morning vs. afternoon biopsy. Values are mean ± standard deviation. All
intramyocellular concentrations are given per gm wet weight; imTG, intramyocellular
triglyceride; LCAC, long-chain acyl-carnitine; imNEFA, intramyocellular non-esterified fatty
acid.

concentrations between the two biopsies. The inter- vs.
intra-individual differences in imTG concentrations was
assessed by calculating the absolute difference between
the value from the first biopsy and the mean from both
biopsies as a per cent and relating this to the range of
observed values. The first biopsy imTG concentration
averaged 21 ± 15% (mean ± S.D.) different from the
mean of the two biopsies. The range of observed
values was 0.22–5.40 μmol g−1, a 24.5-fold range of

values. Intramyocellular TG concentrations were greater in
women than men (2.75 ± 1.22 vs. 1.78 ± 1.58 μmol g−1,
P = 0.01). There was no significant difference between
morning and afternoon intramyocellular concentrations
of palmitoyl-carnitine or oleyl-carnitine. The inter-
vs. intra-individual differences in LCAC concentrations
was assessed using the same approach as for imTG
concentrations. The first biopsy palmitoyl-carnitine
and oleyl-carnitine concentrations averaged 13 ± 12%
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(mean ± S.D.) different from the mean of the two biopsies.
The range of observed values for palmitoyl-carnitine
and oleyl-carnitine concentrations was 0.02–0.15 and
0.08–0.67 μmol g−1, a 6.1- and 8.8-fold range of values,
respectively. The combined biological and methodological
variability was also examined by assessing the correlation
between the values from the first and second biopsy.
The morning and afternoon imTG, palmitoyl-carnitine
and oleyl-carnitine concentrations were all highly
correlated (r = 0.74, 0.57 and 0.64, all P < 0.00001).
Palmitoyl-carnitine and oleyl-carnitine concentrations
were not correlated with fatty acid oxidation rates as
measured by indirect calorimetry.

Intramyocellular TG concentrations have been reported
to be greater in fit than unfit normal weight individuals
(Kiens et al. 1993) and greater in untrained obese
than untrained non-obese women (Phillips et al. 1996).
Similarly in our population, imTG showed an increasing
trend as a function of peak V̇O2 in non-obese men
and women (r = 0.41, P = 0.06 for women and men
combined). There was a strong correlation (r = 0.77,
P = 0.0003) between abdominal subcutaneous fat area
by CT and imTG concentrations in untrained women. If
trained, lean women with greater imTG concentrations
were included, the correlation was reduced, but
remained significant (r = 0.54, P = 0.003). There was no
significant association between visceral fat area and imTG
concentrations in women and no correlation between
visceral or abdominal subcutaneous fat area and imTG
concentrations in men.

Plasma NEFA concentrations and imLCAC
concentrations (the sum of palmitoyl-carnitine and
oleyl-carnitine) were not associated. We found a
significant correlation between imTG concentrations and
imLCAC concentrations in women (r = 0.51, P = 0.005),
but not men (r = 0.30, P = 0.11). For all subjects,
plasma palmitate enrichment and imNEFA-palmitate
enrichment were significantly correlated (r = .34,
P < 0.01); however, palmitate enrichment was not
associated with im-palmitoyl-carnitine enrichment
(r = .003, P = NS).

Plasma NEFA vs. intramyocellular fatty acid
enrichments

The plasma palmitate enrichment at the time of the
morning muscle biopsy was ∼15-fold greater than
enrichment in imTG palmitate, palmitoyl-carnitine and
imNEFA palmitate (Table 2). The [U-13C]oleate infusion
was initiated 30 min prior to the morning blood sampling
interval and thus plasma oleate enrichment was at steady
state over the 30 min of sampling, following which the
muscle biopsy was performed. A detectable amount of
[U-13C]oleate was found in imTG oleate and imNEFA

oleate following 1 h of tracer infusion; however, the
imNEFA oleate enrichment was not greater than the imTG
oleate enrichment at the time of the first biopsy. This
suggests that very little, if any, NEFA oleate (enrichment 19
times greater than intracellular pools) entered the imNEFA
pool before entering the imTG pool. The enrichment in
oleyl-carnitine averaged one-third of that in the imTG
and imNEFA pool, suggesting a delay in the trafficking of
plasma NEFA to the imLCAC pool relative to the imTG
and imNEFA pools.

The associations between the enrichments in imTG
palmitate, imNEFA and palmitoyl-carnitine are depicted
in Fig. 2. Using the data from all subjects, there were
significant correlations between imTG palmitate and
imNEFA palmitate enrichments (r = 0.56, P < 0.0001,
panel A), between imNEFA and palmitoyl-carnitine
enrichments (r = 0.45, P = 0.001, panel B) and between
imTG palmitate and palmitoyl-carnitine enrichments
(r = 0.30, P = 0.02, panel C).

At the time of the second muscle biopsy the
enrichments in imTG oleate, oleyl-carnitine and
imNEFA oleate had all increased significantly relative
to the morning biopsy (P < 0.01; Table 2). Intra-
muscular TG palmitate enrichment, palmitoyl-carnitine
enrichment, and imNEFA palmitate enrichment did not
change significantly from morning values despite the
discontinuation of the [U-13C]palmitate infusion 6 h
earlier.

Storage of plasma NEFA in imTG

The rate accumulation of [U-13C]palmitate in imTG
over the 6 h infusion was used to calculate the rate of
NEFA palmitate storage in imTG. Using the data from
the first biopsy, we found the storage rate of plasma
NEFA palmitate in imTG averaged 0.030 ± 0.018 and
0.017 ± 0.022 μmol (g muscle)−1 h−1 in women and men,
respectively (P = 0.02, women vs. men). As expected,
because oleate concentrations and flux are ∼50% greater
than palmitate concentrations and flux, the storage of
plasma NEFA oleate calculated from the second biopsy
was greater than the storage of NEFA palmitate from the
first biopsy. Oleate storage averaged 0.049 ± 0.029 and
0.035 ± 0.035 μmol (g muscle)−1 h−1 (P = 0.10, women
vs. men). The palmitate and oleate storage rates within
individuals were in good agreement with each other,
however (r = 0.72, P < 0.00001).

When extrapolated from quadriceps to total body
muscle using the palmitate data, we calculated that
11 ± 6% and 10 ± 9% of systemic NEFA are trafficked
to imTG in women and men, respectively. Similar results
were obtained using the oleate tracer and the second
biopsy.
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Figure 2. Relationship between palmitate enrichments of intramyocellular fatty acid pools
A, relationship between intramyocellular triglyceride (imTG) palmitate enrichment (MPE) and intramyocellular
non-esterified fatty acid (imNEFA) palmitate enrichment for all participants. B, relationship between imNEFA
palmitate MPE and intramyocellular palmitoyl-carnitine (PC) MPE for all participants. C, relationship between
imTG palmitate MPE and PC MPE for all participants.

In women, the per cent of NEFA stored in imTG
was correlated with fasting plasma NEFA concentrations
(Fig. 3, left panel, r = 0.52, P = 0.004). In contrast, there
was no association between these two variables in men

(Fig. 3, right panel). For men, fitness, as measured by peak
V̇O2 , was associated with the percentage of NEFA stored in
imTG (Fig. 4, left panel, r = 0.45, P = 0.02), whereas there
was no such relationship for women (Fig. 4, right panel).

Figure 3. Relationship between plasma free fatty acid (NEFA) concentrations and the % of NEFA
calculated to be stored in skeletal muscle in women (left panel) and men (right panel)
There was no significant relationship in men.
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Shorter chain acyl-carnitines

We analysed 82 muscle samples from 41 studies to
test for enrichment in M+14 myristoyl-carnitine,
reasoning that incomplete oxidation products
from [U-13C]palmitoyl-carnitine would include
[U-13C]myristoyl-carnitine. We found the muscle
myristoyl-carnitine content to be ∼2 orders of magnitude
less that palmitoyl-carnitine. Only 3 of the 82 samples
were found to have detectable enrichments in M+14
myristoyl-carnitine, which averaged 64% of the
enrichment in the M+16 palmitoyl-carnitine in the same
sample. Thus, this indicates that negligible amount of
incomplete oxidation products are generated in muscle,
in vivo.

Discussion

We studied the relationship between plasma NEFA
and intramyocellular fatty acid metabolites in lean and
obese men and women using stable isotopic tracers
and newly developed mass spectrometry approaches.
The enrichment of imLCAC reflected imTG fatty acid
enrichment rather than plasma NEFA enrichment.
In addition, imLCAC concentrations in women were
correlated with imTG, but not with plasma NEFA
concentrations. Together, these findings strongly suggest
that in resting muscle imTG is the source of imLCAC,
the obligate precursors for muscle fatty acid oxidation
(Fig. 5). Knowing this emphasizes the need for a better
understanding of the factors that relate to NEFA storage
in imTG. Furthermore, plasma NEFA concentrations and
aerobic fitness are two factors that are associated with
NEFA storage and our data suggest that their relationship
to imTG is different between men and women.

Previous investigations have shown that imTG
concentrations are greater in women than men (Steffensen
et al. 2002); (Roepstorff et al. 2006), that imTG are
increased with aerobic fitness (Kiens et al. 1993) and
that waist circumference is positively correlated with
imTG in women (Phillips et al. 1996). Our findings are
consistent with each of these observations. Likewise, the
intramyocellular long-chain acylcarnitine concentrations
we found are consistent with those reported by Sidossis
et al. (1996). Taking into account differences in base-
line imTG concentrations and in the means of data
presentation (using wet weight vs. dry weight of muscle),
our rates of NEFA storage into imTG are in keeping with
those of Sacchetti et al. (2002) found in six resting men.
Our findings were also internally consistent; plasma NEFA
storage rates into imTG using either palmitate or oleate
tracer and using a morning vs. afternoon muscle biopsy
were well correlated. Thus, we believe our findings provide
solid data regarding the intramyocellular trafficking of
plasma NEFA.

This appears to be the first report linking
imLCAC concentrations with imTG, not plasma NEFA
concentrations. This correlation alone does not prove that
imTG is the precursor pool for LCAC in resting muscle.
However, the finding that the palmitoyl-carnitine and
oleyl-carnitine enrichment were equal to imTG palmitate
and oleate enrichments, and ∼1/15 of plasma NEFA
palmitate and oleate enrichment, essentially excludes a
significant role for plasma NEFA as direct precursors for
muscle fatty acid oxidation in resting humans. Although
this model of muscle fatty acid trafficking was proposed
over 30 years ago (Dagenais et al. 1976), this concept has
not been employed in interpreting physiological studies of
muscle fatty acid metabolism recently (Sidossis et al. 1996;

Figure 4. Relationship between aerobic fitness as measured by peak V̇O2 and the % of NEFA calculated
to be stored in skeletal muscle in men (left panel) and women (right panel)
There was no significant relationship in women.
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Sacchetti et al. 2002, 2004). Measurement of imLCAC
enrichment vs. plasma NEFA enrichment have been
made in rabbits receiving intravenous infusions of stable
isotopically labelled palmitate (Sun et al. 2006). The
authors interpreted their data as indicating that ∼44%
of imLCAC derive directly from plasma NEFA (Sun
et al. 2006); however, the enrichment in imTG was not
measured, making it difficult to exclude a more important
role of imTG in this animal model. During the infusion of
isotopically labelled NEFA tracer labelled CO2 is released
into femoral venous blood in resting humans (Sidossis
et al. 1996; Sacchetti et al. 2002, 2004). Although this was
interpreted as evidence for direct NEFA oxidation, our
data suggest rather that the tracer is incorporated into
imTG pools and subsequently those fatty acids enter the
oxidative pathway. This does not exclude an important
role for a direct trafficking of plasma NEFA into imLCAC
during exercise (Sacchetti et al. 2002).

If substantial portions of NEFA taken up by resting
muscle were directly oxidized it would be difficult to relate
muscle NEFA uptake to the synthesis of imTG and other
intramyocellular complex lipids. Understanding now that
NEFA must traverse these pools in resting humans in order
to enter the oxidative pathway clarifies the interpretation
of muscle NEFA uptake data. We (Burguera et al. 2000;
Guo et al. 2000; Nielsen et al. 2004) and others (Kelley
& Simoneau, 1994; Sidossis et al. 1996; Kelley et al. 1999;
Sacchetti et al. 2002, 2004) have used leg uptake of NEFA
as a measure of muscle NEFA uptake. However, the finding
that adipose tissue (Shadid et al. 2007; Koutsari et al. 2008)

can store NEFA directly, even in the postabsorptive state,
means that leg arterial–venous (A–V) balance data is not
a specific measure of muscle fatty acid metabolism. The
combination of A–V balance and muscle biopsies should
provide clearer information on how muscle handles NEFA
(Guo et al. 2000; Sacchetti et al. 2002).

We estimated that 10–13% of systemic NEFA are
esterified in resting imTG for whole body skeletal muscle.
Given that imTG concentrations were stable over the 6 h
between biopsies, it is reasonable to assume that entry of
fatty acids into imTG was offset by the irreversible exit of an
equal amount of fatty acids, perhaps largely to oxidation.
This 10–13% of NEFA flux equates to muscle fatty acid
oxidation of∼47 μmol min−1 (∼0.11 kcal min−1), or 20%
of whole body fatty acid oxidation in our volunteers.
Another approach to estimating the contribution of
muscle fatty acid oxidation to whole body metabolism in
vivo is to use limb balance data. Muscle accounts for 25%
of resting energy expenditure (Jensen et al. 1995a) and the
respiratory quotient (RQ) of leg tissue in the overnight
postabsorptive state is reported to be 0.85–0.90 (Kelley
et al. 1999). Combined, these two observations (Jensen
et al. 1995a; Kelley et al. 1999) also suggest that skeletal
muscle accounts for ∼20% of resting, whole body fatty
acid oxidation in humans.

Our finding that NEFA storage into imTG correlates
with measures of aerobic fitness in men, but with NEFA
concentrations in women is another example of the large
number of sex differences in human muscle metabolism
(Steffensen et al. 2002; Kiens et al. 2004; Roepstorff

Figure 5. Proposed trafficking of
plasma NEFA in skeletal muscle
The observed isotopic enrichment ratio of
15 : 1 between plasma non-esterified fatty
acids (NEFA) and intramyocellular fatty acid
pools – intramyocellular triglyceride (imTG)
and long-chain acyl-carnitines (LCAC) –
suggests that once inside the cell, plasma
NEFA probably are shunted into complex
lipid synthesis, including imTG, which then
equilibrates with the NEFA pool. This pool
appears to be both the recipient of fatty
acids from the hydrolysis of complex lipids,
such as imTG, and may be a precursor pool
for DG and TG synthesis. The hydrolysis of
imTG (lipolysis) releases long-chain fatty
acids that can enter the NEFA pool and/or
be esterified to long-chain acyl-CoA and
LCAC. LCAC are committed to enter the
mitochondria for β-oxidation. These
observations suggest that imTG is a central
intracellular pool that plays a central role in
regulating plasma NEFA trafficking and
utilization by skeletal muscle.
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et al. 2006). Kiens et al. (2004) found that the CD36
content of muscle was greater in women than men,
irrespective of training status, whereas muscle FABPpm

protein increased as a function of training only in men. If
facilitated transport is the rate-limiting step for muscle
fatty acid uptake, Kiens et al. (2004) found that the
fatty acid translocase (FAT, also known as CD36) content
of muscle in women allows greater inward transport as
plasma NEFA concentrations increase. Whereas fatty acid
binding protein-plasma membrane (FABP-PM) in men
may indicate that transport mediated by this protein is
not limited by extracellular NEFA concentrations.

Muscle mitochondria and their associated triglycerides
appear to behave differently in the subsarcolemma and
intramyofibrillar regions (Koves et al. 2005; Shaw et al.
2008). In this study we did not separate these two
fractions and thus provide whole muscle average values
for imTG and imLCAC concentrations and enrichment.
Developing methods to measure the fatty acid trafficking
within each of these sub-pools of mitochondria/lipids may
provide even greater insights into muscle and metabolism.
Unfortunately, we were not able to assay fatty acid trans-
port proteins in our muscle samples to confirm the
association reported by Kiens et al. (2004). Future studies
may be able to link direct measures of muscle fatty acid
storage with measures of the key steps in the relevant
pathways to better understand the rate-limiting steps.

In summary, our findings directly and definitively
demonstrate that the model proposed by Dagenais et al.
(1976) is correct – plasma NEFA do not contribute
to muscle fatty acid oxidation under resting conditions
without being diluted into large, intracellular pools –
presumably imTG. In addition, we found that the factors
relating to plasma NEFA storage into imTG appear to be
different between men and women. To the extent that
imTG provide fatty acids for oxidation and signalling
molecules, our findings provide important clues to the
understanding of imTG synthesis. These findings are
directly relevant to the question as to whether inter-
ventions that target plasma NEFA or imTG are more
likely to result in desired changes in muscle oxidative
metabolism and, perhaps, other fatty acid-containing
compounds.
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