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Abstract
Aims/hypothesis—An elevated lipid content within skeletal muscle cells is associated with the
development of insulin resistance and type 2 diabetes mellitus. We hypothesised that in subjects
with type 2 diabetes muscle malonyl-CoA (an inhibitor of fatty acid oxidation) would be elevated
at baseline in comparison with control subjects and in particular during physiological
hyperinsulinaemia with hyperglycaemia. Thus, fatty acids taken up by muscle would be shunted
away from oxidation and towards storage (non-oxidative disposal).

Materials and methods—Six control subjects and six subjects with type 2 diabetes were
studied after an overnight fast and during a hyperinsulinaemic (0.5 mU kg−1 min−1),
hyperglycaemic clamp (with concurrent intra-lipid and heparin infusions) designed to increase
muscle malonyl-CoA and inhibit fat oxidation. We used stable isotope methods, femoral arterial
and venous catheterisation, and performed muscle biopsies to measure palmitate kinetics across
the leg and muscle malonyl-CoA.

Results—Basal muscle malonyl-CoA concentrations were similar in control and type 2 diabetic
subjects and increased (p<0.05) in both groups during the clamp (control, 0.14± 0.05 to 0.24±0.05
pmol/mg; type 2 diabetes, 0.09±0.01 to 0.20±0.02 pmol/mg). Basal palmitate oxidation across the
leg was not different between groups at baseline and decreased in both groups during the clamp
(p<0.05). Palmitate uptake and non-oxidative disposal were significantly greater in the type 2
diabetic subjects at baseline and during the clamp (p<0.05).

Conclusions/interpretation—Contrary to our hypothesis, the dysregulation of muscle fatty
acid metabolism in type 2 diabetes is independent of muscle malonyl-CoA. However, elevated
fatty acid uptake in type 2 diabetes may be a key contributing factor to the increase in fatty acids
being shunted towards storage within muscle.
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Introduction
The increased prevalence of obesity and insulin resistance is associated with a greater risk of
developing type 2 diabetes mellitus [1]. Although a specific mechanism remains unclear,
recent evidence suggests that elevated levels of plasma fatty acids result in a reduction in
glucose uptake across the leg [2] and may further lead to the development of insulin
resistance [3, 4]. In addition, obesity and type 2 diabetes are associated with metabolic
alterations, such as elevated plasma fatty acids [5] and a reduced ability of insulin to
suppress lipolysis [6], which lead to the accumulation of intramyocellular lipid [7–9]. This
accumulation of lipid within muscle cells has been linked to the development of insulin
resistance [3, 10–13]. It has been proposed that elevations in fatty acyl-CoAs can lead to
increased intracellular diacylglycerol and ceramide concentrations, which in turn results in
the activation of protein kinase C and the subsequent inhibition of insulin receptor tyrosine
kinase activity [11, 14–17].

The accumulation of lipids can be achieved either by increased delivery to and uptake of
fatty acids by muscle cells and/or by a reduction in fatty acid oxidation. An increase in
malonyl-CoA, an allosteric inhibitor of carnitine palmitoyl transferase-1 (CPT-1), blocks the
entry of long-chain fatty acyl-CoA into the mitochondria and thus reduces oxidation [18].
We have previously reported a significant increase in the concentration of muscle malonyl-
CoA, inhibition of functional CPT-1 activity and fat oxidation, and the partitioning of fatty
acids away from oxidation and towards intramuscular esterification following exposure to
physiological hyperinsulinaemia with hyperglycaemia in young subjects [19].

On the other hand, recent reports have shown that fatty acid uptake into the muscle of
patients with type 2 diabetes is significantly elevated in the postprandial state [20] and that
the transport of long-chain fatty acids into giant sarcolemmal vesicles, prepared from obese
and type 2 diabetic human skeletal muscle, is increased nearly four-fold [21]. Thus,
measuring fatty acid kinetics across the leg in conjunction with measurement of intracellular
regulators of fat oxidation (malonyl-CoA) in subjects with type 2 diabetes should help
elucidate whether uptake or oxidation plays a predominant role in the accumulation of lipids
within muscle.

Therefore, the purpose of this study was to test the hypothesis that, at baseline and
particularly during physiological hyperglycaemia with hyperinsulinaemia, elevated muscle
malonyl-CoA concentrations in type 2 diabetes as compared with control subjects decreases
the oxidation of fatty acids in skeletal muscle, thus increasing the availability of fatty acids
for shunting towards storage.

Subjects and methods
Subjects

We recruited 12 subjects (nine men and three women) for the study. The characteristics of
the subjects are shown in Table 1. Each control subject (n=6) was screened and given an
OGTT at the University of Southern California General Clinical Research Center. Patients
with type 2 diabetes were eligible for participation if either fasting blood glucose was ≥7.0
mmol/l and/or 2 h blood glucose was ≥11.1 mmol/l following the OGTT and they were on
diet treatment alone. The non-diabetic control group and the subjects with type 2 diabetes
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were sedentary and not participating in any regular exercise programme. They were also
closely matched for age, weight and BMI. Controls had a normal OGTT response and all
subjects refrained from exercise for at least 24 h before study participation. Prior to
participation, all subjects gave written informed consent. The study was approved by the
Institutional Review Board at the University of Southern California. The homeostasis model
assessment for insulin resistance (HOMA-IR) was calculated from basal glucose and insulin
concentrations as: insulin (mU/l) × glucose (mmol/l)/22.5 [22].

Study protocol
Prior to the study (72 h), the U-13C-palmitate tracer (Cambridge Isotope Laboratories,
Andover, MA, USA) was bound to 5% human albumin with a concentration of
approximately 2 μmol/ml. A sample (5 ml) of the tracer was then cultured in the clinical
microbiology laboratory at the University of Southern California to check for the presence
of bacterial growth prior to infusion. Following admission to the General Clinical Research
Center (the evening before the study), subjects were given a dual-energy X-ray
absorptiometry scan (QDR 4500W; Hologic, Bedford, MA, USA) to measure body
composition and consumed a standardised meal (10 kcal/kg of body weight), after which
only ad libitum water was allowed until the end of the experiment.

The study began the next morning with the insertion of femoral arterial and venous
polyethylene catheters in the leg. The study protocol is shown in Fig. 1. The arterial catheter
was also used for the infusion of indocyanine green (Akorn, Buffalo Grove, IL, USA) to
measure blood flow. Additional catheters were placed in the forearm vein for systemic
isotope infusion and in a contralateral wrist vein, which was heated in order to obtain
arterialised blood samples. Background blood and breath samples were obtained, and a 13C-
bicarbonate prime of 3 μmol/kg (Cambridge Isotope Laboratories, Andover, MA, USA)
followed by a continuous infusion of U-13C-palmitate (0.04 μmol kg−1 min−1) was initiated
(time=0). In addition, open-circuit indirect calorimetry was also used under steady-state
conditions to measure the mean volumes of oxygen consumed and carbon dioxide produced
over a period of 20–30 min to determine whole-body fat and glucose oxidation. Eighty
minutes after the tracer infusion was initiated, an infusion of indocyanine green was initiated
to measure blood flow, and four breath and blood samples were obtained at 10-min intervals
(approximately 90, 100, 110 and 120 min). To prevent in vitro lipolysis, blood was collected
in tubes containing 0.4 mmol/l K3-EDTA. At 120 min, using a 5-mm Bergström biopsy
needle (Stille, Stockholm, Sweden), a first skeletal muscle biopsy was taken from the lateral
portion of the vastus lateralis muscle, about 20 cm above the knee, using local anaesthesia
with 1% lidocaine injected subcutaneously and on the fascia. The muscle sample (125–375
mg) was immediately frozen in liquid nitrogen (i.e. within seconds) and stored at −80°C
until analysis.

Immediately after the first skeletal muscle biopsy, the stable isotope infusion was stopped
and a 5-h hyperglycaemic–hyperinsulinaemic clamp was initiated. Plasma insulin
concentrations were elevated with a systemic insulin infusion (0.5 mU kg−1 min−1) into the
forearm vein, and blood samples (0.5 ml) were taken every 5–10 min to monitor the plasma
glucose concentration. A 20% dextrose infusion was also initiated and varied to increase
glucose concentration by approximately 2.2 mmol/l above baseline and clamp it at the new
concentration until the end of the experiment in both groups. During the infusion period,
Intralipid (0.7 ml kg−1 min−1) and heparin (7 U kg−1 h−1) (Baxter, Deerfield, IL, USA)
were also infused to prevent the expected decrease in plasma NEFA. The primary rationale
for performing the physiological hyperglycaemic-hyperinsulaemic clamp was to increase
malonyl-CoA to a similar extent in both groups and to inhibit oxidation of muscle fatty
acids. Therefore, both groups were exposed to hyperglycaemia (relative to their baseline

Bell et al. Page 3

Diabetologia. Author manuscript; available in PMC 2011 October 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



value). We have shown previously that this type of clamp significantly increases muscle
malonyl-CoA concentrations [19].

Three hours after the beginning of the clamp (time=300 min), a new background femoral
blood sample was collected to account for residual palmitate enrichments and the tracer
infusion was restarted. Infusion of indo-cyanine green was restarted at 380 min, indirect
calorimetry measures were taken, and breath and blood samples were obtained at 390, 400,
410 and 420 min. A final skeletal muscle biopsy was obtained at 420 min.

Isotope analysis
Assessment of plasma arterial and venous palmitate enrichment was determined using the
CH3/solid phase extraction method detailed elsewhere [23] and measured using a gas
chromatograph-mass spectrometer (6890 Plus GC, 5973N MSD/DS, 7683 autosampler;
Agilent Technologies, Palo Alto, CA, USA) and by selectively monitoring the ion
mass:charge ratio of 272 and 256 [24]. Palmitate concentrations were determined using the
external standard approach as detailed elsewhere [24]. To assess whether the dextrose
infusion induced significant changes in plasma glucose enrichment, we measured plasma
glucose enrichment on its pentaacetate derivative using a gas chromatograph-mass
spectrometer as described previously, monitoring m/z 200 and 201 [25]. We measured the
enrichment of the first isotopomer (ratio between the m/z 201/200) because any significant
changes in glucose enrichment would be reflected mainly by changes in the most abundant
isotopomer.

Breath collection bags were used to collect breath samples for the determination of 13CO2
enrichment. Approximately 10 ml of expired air was injected into evacuated tubes for
analysis of breath enrichment (atom percentage excess) using a gas chromatograph-
combustion isotope ratio mass spectrometer (Finnigan Delta Plus; Finnigan MAT, Bremen,
Germany). Blood 13CO2 analysis was performed by injecting 0.5 ml of blood into an
evacuated tube containing ~5 μl of 85% phosphoric acid. The liberated 13CO2 in the tube
head space was used to measure the enrichment (atom percentage excess).

Kinetic calculations
Whole-body fat and glucose oxidation were calculated from indirect calorimetry data as
detailed elsewhere [24, 26]. Triglyceride oxidation was determined by converting fat
oxidation to its molar equivalent and multiplying the molar rate of triglyceride oxidation by
3 because each triglyceride molecule is composed of three fatty acids.

The equations used to calculate the fatty acid kinetics across the leg were adapted from
Wolfe [24] and Sacchetti et al. [27] and are detailed below:

(1)

(2)

(3)
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(4)

(5)

(6)

In the above, EA and EV are the enrichments of labelled palmitate in the femoral artery and
vein respectively, and CA and CV are the concentrations of palmitate in the femoral artery
and vein respectively; PF is plasma flow and BF is blood flow across the leg; CaCO2 and
CvCO2 are the concentrations of carbon dioxide in the femoral artery and vein respectively,
and EvCO2 and EaCO2 are the enrichments of carbon dioxide in the femoral artery and vein,
respectively. An acetate correction factor (acf) was used in order to properly account for the
fractional recovery of label across the leg [28].

Assays
Measurement of skeletal muscle malonyl-CoA is detailed elsewhere [29, 30] and was
modified for human skeletal muscle as described previously [19]. Briefly, all muscle tissue
biopsies obtained from the vastus lateralis muscle were immediately frozen (within 5 s of
collection) in liquid nitrogen and stored in a freezer at −80° (under liquid nitrogen) until
analysed the following morning. Upon analysis, muscle tissue was ground in a freezer at
−20° under liquid nitrogen, weighed (132±12 mg), and homogenised in a solution of 6%
perchloric acid. The neutralised perchloric acid was added to tritium-labelled acetyl-CoA to
measure malonyl-CoA-dependent incorporation of labelled acetyl-CoA into palmitic acid
(catalysed by fatty acid synthase) [31].

Insulin concentrations were measured with a commercial radioimmunoassay kit (Diagnostic
Products, Los Angeles, CA, USA). Plasma glucose was determined by the glucose oxidase
method using a YSI 2700 analyser (Yellow Springs Instruments, Yellow Springs, OH,
USA), immediately after each blood draw. Plasma NEFA concentration was determined
enzymatically (Wako NEFA; Wako Chemicals, Neuss, Germany). To determine leg blood
flow, serum samples were analysed in a spectrophotometer (805 nm) following a continuous
infusion of indocyanine green [32, 33]. Glucose uptake across the leg was determined by
calculating the product of blood flow and the arterial-venous difference in glucose.

Statistical analysis
All values are expressed as mean±SE. Comparisons between groups at baseline were
performed using Student’s t-test and comparisons with the treatment period were performed
using analysis of variance with repeated measures, the effects being subject, group (control
subjects, subjects with type 2 diabetes) and time (basal, clamp) using JMP statistical
software version 4.0.5 (SAS Institute, Cary, NC, USA). Post hoc testing was performed
using Student’s t-test when appropriate. Significance was accepted at p≤0.05.
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Results
Subject characteristics

The controls and subjects with type 2 diabetes were matched for age and BMI (Table 1).
Although total body fat was significantly greater in the group with type 2 diabetes, no
significant differences were observed in body composition across the leg (Table 1). Insulin
resistance, as measured by HOMA-IR, was significantly higher in the type 2 diabetes
(p<0.05) (Table 1).

Blood and breath enrichments
Blood and breath enrichments are reported in Table 2. Plasma palmitate enrichments were at
steady state with no differences between groups. Whole-blood 13CO2 enrichments were not
different between groups and decreased significantly to a similar extent during the clamp in
the two groups (p<0.05). During the clamp, femoral arterial 13CO2 enrichment was
significantly reduced (p<0.05) to a similar extent in the two groups. Basal breath 13CO2
enrichment was not different between groups, and was significantly reduced to a similar
extent during the clamp. Glucose enrichment was not different between groups at baseline
and did not change with dextrose infusion in either group.

Substrate and palmitate kinetics
Glucose and insulin data are shown in Table 3. Arterial glucose concentrations were
significantly higher in subjects with type 2 diabetes at baseline and during the clamp (group
effect; p=0.02). Basal NEFA and insulin concentrations were significantly higher in type 2
diabetic patients (p<0.05). During the clamp, arterial glucose, plasma NEFA and insulin
increased significantly in both groups, but plasma insulin was significantly lower in subjects
with type 2 diabetes than in healthy controls (p<0.05). Basal glucose uptake was not
different between groups, although there was a trend for uptake to be higher in the control
group (p=0.09), and increased significantly to a similar extent in the two groups during the
clamp (p<0.05).

Basal and clamp blood flows were not different between groups. Arterial palmitate
concentrations were significantly higher in type 2 diabetes at baseline and during the clamp
(p<0.05, group effect) (Table 3). Palmitate delivery to the leg was significantly greater under
basal conditions and during the clamp in type 2 diabetes compared with controls (p<0.05,
group effect).

Palmitate uptake across the leg was significantly greater in the group with type 2 diabetes
than in controls (Fig. 2) at baseline and during clamp (p<0.001, group effect). Palmitate
uptake increased significantly during the clamp in the control group only (p≤0.05). The
basal percentage of palmitate uptake that was oxidised and palmitate oxidation across the leg
were not significantly different between groups, but both were significantly reduced during
the clamp period in both groups (Table 3) (p<0.05). The rate of palmitate shunted towards
storage (non-oxidative disposal of palmitate across the leg) was also significantly higher in
subjects with type 2 diabetes compared with controls under basal conditions and during the
clamp (p=0.01, group effect) (Table 3). During the clamp period, the rate of non-oxidative
disposal of palmitate increased in the controls (p=0.08). The rate of non-oxidative disposal
of palmitate did not change during the clamp in type 2 diabetes, but remained elevated (i.e.
significantly higher than the uptake in the control group).

Whole-body fat and glucose oxidation
Whole-body substrate oxidation and palmitate kinetic rates are shown in Table 4. The
respiratory quotient was significantly lower under basal conditions (by 7%) and during the
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clamp (by 16%) in type 2 diabetes compared with controls (p<0.05). Whole-body fat
oxidation was 30% higher under basal conditions and 90% higher during the clamp in type 2
diabetic subjects than in controls (p<0.05). Furthermore, whole-body fat oxidation decreased
significantly during the clamp in both groups (p<0.05). Whole-body carbohydrate oxidation
increased significantly during the clamp in both groups (p<0.05), and was significantly
greater in the controls under both conditions (p<0.05). Basal whole body plasma fatty acid
oxidation, measured from the tracer data, was not significantly different between groups and
significantly decreased during the clamp in both groups (p<0.05).

Muscle malonyl-CoA
Basal skeletal muscle malonyl-CoA concentration was not different between controls and
subjects with type 2 diabetes (Fig. 3). Skeletal muscle malonyl-CoA concentration increased
significantly during the clamp in both controls (0.14±0.05 to 0.24±0.05 pmol/mg) and
patients with type 2 diabetes (0.09±0.01 to 0.20±0.02 pmol/mg) (p<0.05). However, there
were no differences between groups in the concentration of malonyl-CoA following the
clamp (Fig. 3).

Discussion
The major and novel finding of this study is that we did not find any postabsorptive
differences in skeletal muscle malonyl-CoA concentrations between the patients with type 2
diabetes and the non-diabetic controls. In addition, in contrast to what we had originally
hypothesised, malonyl-CoA concentrations increased to the same extent during the
physiological hyperglycaemic–hyperinsulinaemic clamp both in patients with type 2
diabetes and in controls, with no significant differences between the groups. In agreement
with the malonyl-CoA data, we found no basal differences in palmitate oxidation across the
leg or in the percentage of palmitate uptake oxidised between patients with type 2 diabetes
and non-diabetic controls. During the clamp, when the malonyl-CoA concentrations were
elevated, palmitate oxidation was significantly decreased to the same extent in both groups.
However, palmitate uptake and non-oxidative disposal of palmitate across the leg were
significantly higher in subjects with type 2 diabetes during both the postabsorptive period
and during the clamp. We have previously reported a significant increase in skeletal muscle
malonyl-CoA concentration in healthy individuals after infusion of glucose at a high rate
[19]. Smaller increases in skeletal muscle malonyl-CoA concentration have been observed
following a euglycaemic-hyperinsulinaemic clamp in healthy individuals [34] and in
patients with type 2 diabetes [35]. However, since glucose is the primary contributor to
muscle malonyl-CoA, we cannot rule out the possibility that more moderate hyperglycaemia
may produce different results. In any event, our study is the first to specifically address the
potential role of malonyl-CoA in muscle fatty acid kinetics in type 2 diabetes and it clearly
indicates that muscle malonyl-CoA concentrations are not abnormally elevated in
individuals with type 2 diabetes during either fasting or postprandial conditions. Thus, we
can safely state that the dysregulation of muscle fatty acid metabolism in type 2 diabetes is
independent of muscle malonyl-CoA concentrations.

An increase in fatty acid delivery and uptake could also contribute to the excess lipid
accumulation in skeletal muscle of patients with type 2 diabetes. In the present study, we
observed significantly greater rates of postabsorptive palmitate delivery and uptake across
the leg in type 2 diabetes compared with the non-diabetic controls, which is similar to recent
data obtained in the postprandial state [20]. In addition, we also found that the rate of post-
absorptive non-oxidative disposal of palmitate (i.e. fatty acids shunted towards storage and
away from oxidation) was also significantly increased in patients with type 2 diabetes. Our
data are also in agreement with a recent study in which elevated rates of fatty acid transport
along with increased intramyocellular lipid and FAT/CD36 in obese and type 2 diabetes
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subjects were reported in giant sarcolemmal vesicles [21]. In addition, the increased rates of
palmitate uptake and non-oxidative disposal in type 2 diabetes remained elevated during
hyperglycaemia with hyperinsulinaemia. Palmitate uptake increased during the clamp in the
control group but not in the group with type 2 diabetes, even though palmitate uptake during
the clamp was still elevated over basal control values. This may have been due to the
individuals with type 2 diabetes having a higher level of upregulation of basal fatty acid
transport that is not further influenced by insulin stimulation [21]. A limitation of the fatty
acid tracer data is that the measurement of fatty acid kinetics across the leg includes not only
the primary component of the leg (i.e. muscle) but also contributions from fat and bone. We
did not find significant differences in leg composition between the group with type 2
diabetes and the non-diabetic control group. However, subjects with type 2 diabetes did have
0.8 kg more fat in their legs than did the control group. Nevertheless, we are confident that
our findings of greater than threefold higher fatty acid uptake and non-oxidative disposal are
truly representative of muscle, since muscle accounted for at least 70–75% of the leg and we
are not aware of any differences in rates of fatty acid uptake between fat and muscle.
Although our data suggest a role for elevated fatty acid uptake in the accumulation of lipid
within muscle cells of patients with type 2 diabetes, future studies are needed to determine
specifically whether the elevated fatty acid uptake causes increased intramyocellular lipid.

We also found some differences between groups in insulin values during the clamp despite
identical infusion rates of insulin. The lower insulin concentration in our group with type 2
diabetes was most likely due to reduced endogenous insulin production in this group in
response to the hyperglycaemic clamp (i.e. beta cell dysfunction). Furthermore, the lack of
an increase in palmitate uptake during the clamp in the group with type 2 diabetes may have
been due to the smaller increment in insulin concentrations. However, since glucose uptake
in the subjects with type 2 diabetes was not different from that in the control group (despite
the former having lower insulin concentrations) it is likely that glucose uptake was maximal
at the insulin concentration obtained in the type 2 diabetes group, and probably aided by the
mass effect produced by the higher blood glucose concentrations. The malonyl-CoA data
also support this conclusion since malonyl-CoA increased to a similar extent during the
clamp in the two groups and malonyl-CoA production is primarily derived from cellular
glucose metabolism.

Dysregulation in fatty acid metabolism is well-known in type 2 diabetes as several groups
have reported elevations in plasma fatty acid levels, reduced skeletal muscle mitochondrial
content and total oxidative capacity, and enhanced fatty acid transporters in type 2 diabetes
[3, 6, 11, 20, 21, 36–38]. Interestingly, some studies have reported significantly lower rates
of whole-body fat oxidation in individuals with type 2 diabetes [39] and in extremely obese
individuals compared with controls [40]. In contrast, previous studies have also reported
whole-body fat oxidation, measured by indirect calorimetry, to be higher under basal and
insulin-stimulated conditions in obese individuals compared with healthy controls [41, 42],
which is in agreement with the findings of the present investigation. Thus, the dysregulation
of fat metabolism in type 2 diabetes appears to be primarily centred on elevated fatty acid
concentrations and/or uptake, reduced mitochondrial content and oxidative capacity, and the
accumulation of lipid within muscle cells. Interestingly, our femoral vein 13CO2
enrichments were significantly lower than the breath 13CO2 enrichments. This suggests that
fat oxidation during hyperglycaemia and hyperinsulinaemia was higher in other tissues, such
as liver and adipose, and that its regulation may be tissue-specific. On the other hand, others
have reported lower rates of fatty acid uptake under postabsorptive conditions in patients
with type 2 diabetes [43, 44]. The discrepancy between our findings, as well as those of
Bonen et al. [21], and the other studies [43, 44] is probably due to differences in study
design and subject characteristics. For example, Blaak et al. [43] reported no differences in
plasma NEFA and palmitate concentrations between controls and obese subjects with type 2
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diabetes. In addition, fatty acid uptake was measured across the forearm rather than the leg.
The second study measured uptake at the whole-body level [44]. Thus, it appears that both
increased delivery and uptake of fatty acids by skeletal muscle and mitochondrial
dysfunction may contribute to the dysregulation of muscle fatty acid metabolism in type 2
diabetes.

In summary, human skeletal muscle malonyl-CoA concentrations are not abnormally
elevated in patients with type 2 diabetes mellitus and are significantly increased to the same
extent following physiological hyperglycaemia with hyperinsulinaemia both in subjects with
type 2 diabetes and in non-diabetic controls. Postabsorptive palmitate oxidation across the
leg was not different from controls in our subjects with type 2 diabetes; however, palmitate
uptake and non-oxidative disposal of palmitate (shunting of fatty acids towards storage
within the muscle) were significantly higher. Palmitate oxidation significantly decreased
during the clamp in both groups, whereas palmitate uptake and non-oxidative disposal
continued to be higher in subjects with type 2 diabetes. We conclude that, contrary to our
hypothesis, the dysregulation of muscle fatty acid metabolism in type 2 diabetes is
independent of muscle malonyl-CoA. However, elevated fatty acid uptake in type 2 diabetes
may be a key contributor to the increase in fatty acids shunted towards storage within
muscle. Further studies are warranted to address this hypothesis directly.
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Abbreviation

CPT-1 carnitine palmitoyl transferase-1
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Fig. 1.
Study design. A basal period was followed by a hyperglycaemic–hyperinsulinaemic clamp.
ICG Indocyanine green, ICal indirect calorimetry
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Fig. 2.
Palmitate uptake across the leg in controls and patients with type 2 diabetes (T2DM) under
basal (open bars) and clamp (closed bars) conditions. FFM Fat-free mass. Kinetic rates are
mean±SEM. *p≤0.05 for difference from basal values; tp≤0.05 for difference from healthy
controls
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Fig. 3.
Skeletal muscle malonyl-CoA concentration in controls and patients with type 2 diabetes
(T2DM). Malonyl-CoA concentration increased significantly from basal (open bars) to
clamp conditions (closed bars) in both groups. Values are mean±SEM. *p≤0.05 for
difference from basal values
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Table 1

Subject characteristics

Control (n=6) T2DM (n=6)

Age (years) 35±3 40±4

Height (m) 1.70±0.06 1.62±0.04

Weight (kg) 81±6 79±6

BMI (kg/m2) 27±1 30±3

Fat-free mass (kg) 59±4 52±5

Total body fat (%) 23±1 28±2a

Leg fat mass (kg) 2.8±0.3 3.6±0.8

Leg fat (%) 21±1 28±2

Leg fat-free mass (kg) 9.5±0.7 8.3±0.9

Total cholesterol (mmol/l) 5.3±0.2 4.7±0.3

HDL cholesterol (mmol/l) 1.3±0.2 1.4±0.2

LDL cholesterol (mmol/l) 3.2±0.2 2.4±0.5

Triglycerides (mmol/l) 3.6±0.7 4.4±1.3

HbA1c (%) ND 8.7±1.5

HOMA-IR 1.3±0.31 3.7±0.64a

Values are mean±SEM

T2DM Type 2 diabetes mellitus, ND not determined

a
Significantly different from controls (p<0.05)
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Table 2
13C Glucose, palmitate and CO2 enrichments

13C enrichments (%) Basal Clamp

Control T2DM Control T2DM

Femoral arterial glucose 10.6±0.1 10.9±0.1 10.9±0.2 10.8±0.1

Femoral arterial palmitate 2.1±0.3 2.0±0.2 1.6±0.3 1.8±0.2

Femoral venous palmitate 1.4±0.2 1.2±0.1 1.0±0.1 1.1±0.1

Femoral arterial CO2 0.038±0.005 0.044±0.003 0.013±0.002a 0.014±0.003a

Femoral venous CO2 0.036±0.004 0.041±0.003 0.012±0.002a 0.013±0.003a

Breath CO2 0.043±0.005 0.049±0.003 0.014±0.003a 0.018±0.003a

Enrichments for 13C palmitate and glucose are the tracer-to-tracee ratio and atom percentage excess for CO2; values are mean±SEM

T2DM Type 2 diabetes mellitus

a
Significantly different from basal values (p<0.05)
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Table 3

Substrate and palmitate kinetics across the leg

Basal Clamp

Control T2DM Control T2DM

Femoral arterial glucose (mmol/l) 5.4±0.2 7.6±1.3b 8.3±0.2a 10.7±0.3a,b

Glucose uptake (μmol min−1 kg FFM−1) 4.2±0.4 3.1±1.2 23.1±9.5a 19.9±5.9a

Plasma insulin (pmol/l) 33±7 63±12b 243±24a 143±30a

Plasma NEFA (μmol/l) 475±63 708±32b 1052±188a 956±142

Femoral arterial palmitate (nmol/ml) 128±28 211±56b 141±27 194±61b

Femoral venous palmitate (nmol/ml) 133±14 219±24b 136±10 196±27b

Blood flow (ml min−1 100 ml leg−1) 3.2±0.5 4.5±0.5 4.2±1.0 4.6±0.7

Palmitate delivery to leg 237±59 583±10b 349±88 495±64b

Palmitate fractional extraction (%) 34±6 40±3 36±3 42±2

Femoral arterial CO2 (μmol/ml) 22±1 22±1 20±1a 21±1

Femoral venous CO2 (μmol/ml) 24±1 25±1 22±1a 22±2a

Palmitate uptake oxidised (%) 21±7 15±5 6±3a 1±0.3a

Palmitate oxidation 12±2 34±14 5±2a 2±1a

Palmitate non-oxidative disposal 55±13 190±37b 118±35c 201±24b

Palmitate kinetic rates are in nmol min−1 100 g leg FFM−1 unless indicated otherwise; values are mean±SEM

T2DM Type 2 diabetes mellitus, FFM fat-free mass

a
Significantly different from basal values (p<0.05)

b
Significantly different from controls (p<0.05)

c
p=0.08 compared with basal condition
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Table 4

Whole-body substrate oxidation rates and palmitate kinetics

Basal Clamp

Control T2DM Control T2DM

Respiratory quotient 0.81±0.01 0.75±0.01a 0.96±0.03b 0.84±0.03a,b

Total fat oxidation 2.7±0.2 3.8±0.2a 0.2±0.7b 2.2±0.6a,b

Total carbohydrate oxidation 6.7±0.6 2.2±1.1a 18.2±1.2b 8.8±2.5a,b

Whole body plasma fat oxidation 1.8±0.3 2.1±0.5 1.2±0.5b 0.7±0.1b

Palmitate rate of appearance 2.8±0.4 3.3±0.5 3.9±0.6 3.7±0.6

Values are mean±SEM; kinetic rates are in μmol min−1 kg−1, palmitate rate of appearance (endogenous + exogenous) is in μmol min−1 kg fat-

free mass−1

T2DM Type 2 diabetes mellitus

a
Significantly different from controls (p<0.05)

b
Significantly different from basal values (p<0.05)
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