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Abstract

Previous studies have demonstrated decreases in whole-body and muscle fat oxidation in obese individuals. Because muscle also uses
ketone bodies, and because the ketone body oxidation pathway differs from that of fatty acid oxidation, this study was initiated to determine
whether there were differences in ketone body metabolism between obese and lean subjects. Plasma f-hydroxy-butyrate (f-OHB)
concentration was measured in 47 lean and 47 age-matched obese women, and the rate of f-OHB oxidation by muscle homogenates was
measured in a subset of § lean and 8 obese women. Plasma free fatty acid levels, which have been reported to correlate with ketone body
production, were higher (P < .05) in the obese than in the lean women (662 + 46 and 463 * 44 nmol/L, respectively) as was plasma insulin
level. However, the ;-OHB concentration was lower in obese than in lean subjects (235 + 17 and 323 + 29 umol/L, respectively; P < .05).
The rate of f-OHB oxidation was also lower (P <.05) in muscle of the obese than that of the lean group (139.6 + 12.6 vs 254.6 + 30.0 nmol
of CO, produced per gram of tissue per hour). These data illustrate that production and use of ketone bodies are lower in obese women than
in lean controls. The decreased oxidation of ketone bodies by muscle is consistent with aberrations in muscle metabolism in the obese
individuals that most likely relates to a decrease in mitochondrial numbers.
© 2005 Elsevier Inc. All rights reserved.

1. Introduction controls [3-5]. It has been postulated that the decrease in the
capacity of muscle to oxidize fat and the concomitant
accumulation of these compounds in the muscle might be
associated with the resistance of muscle of obese individ-
uals to the action of insulin [3,4,6]. Thus, aberrations in fat
disposal by muscle appear to be metabolic defects that are
associated with obesity.

Similar to fatty acids, ketone bodies serve as important
energy sources to cardiac muscle, skeletal muscle, and
nervous tissue during the fasting state. Three compounds
are grouped together as ketone bodies: acetoacetate (AcAc),
pB-hydroxybutyrate (f-OHB), and acectone. In the fasted
state, ketone bodies arise from the ff-oxidation of long fatty
acids that are primarily liberated from the lipolysis of the
stored triglycerides in the adipose tissue. In liver, when the
concentrations of circulating fatty acids are high, the
production of acetyl-CoA can exceed cellular energy
requirements [7]. During a high flux of fatty acids into the
liver in the fasted state or upon catecholamine stimulation,
the concentration of acetyl-CoA would exceed the capacity
of the tricarboxylic acid cycle to oxidize it to CO, and water.
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Most of the energy needs (approximately 60%) of
skeletal muscle during the postabsorptive state are derived
from the oxidation of fatty acids [1]. In healthy individuals,
skeletal muscle, by virtue of its mass, is important in
oxidative lipid disposal. In obese individuals, on the other
hand, a decrease in lipid oxidation by muscle has been
reported. Kelley et al [1] have reported that fat oxidation,
measured by indirect calorimetry, was lower in the legs of
obese than those of lean subjects. Kim et al [2] showed that
the rate of palmitate oxidation by muscle homogenates of
obese individuals was lower than that of lean subjects, and
that this decrease was partially associated with a decrease in
the activity of carnitine-palmitoyl transferase I (CPT-I).
This decreased capacity of muscle to oxidize fats would
lead to accumulation of fats in the muscle. In fact, the
intramuscular content of triglycerides in muscles of obese
individuals has been shown to be higher than that of lean
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tissues, where they are oxidized to CO, and water. Thus, the
rate of production of ketone bodies is dependent on the
abundance of plasma free fatty acid concentration.

The rate of oxidation of ketone bodies by extrahepatic
tissues, mainly muscle, is proportional to their concentra-
tion in the plasma [8]. The pathway for the oxidation of
ketone bodies by muscle differs from that of fatty acid
oxidation. Ketones are small molecules that are readily
soluble in the lipid bilayer and can pass through mitochon-
drial membranes without the requirement of transporting
proteins. Thus, carnitine plamitoyl transferase and plami-
toyl carnitine translocase, the 2 enzymes that are involved
in the transport of long-chain fatty acids across the
mitochondrial membrane, are not involved in ketone body
oxidation. Furthermore, once inside the mitochondrial
matrix, the coenzyme derivative of AcAc is formed, not
through the action of acyl-CoA synthetase, but rather
through the action of the mitochondrial enzyme acetoace-
tate: succinyl-CoA transferase. Because of these differences
between the 2 pathways for the oxidation of fatty acids and
ketone bodies, and because of the reported differences in
the oxidation of fatty acids by muscle of obese compared to
lean subjects, we initiated this study to determine whether
there were differences in ketone body metabolism between
obese and lean individuals. Toward that end, we determined
whether there were differences in the concentrations of
ketone bodies in the plasma of lean and obese subjects, and
also whether there were differences in the rates of oxidation
of f-OHB by muscle homogenates from the same 2 groups
of subjects. We also measured citrate synthetase activity in
muscle homogenates as an indicator of mitochondrial
oxidative capacity.

2. Methods
2.1. Subjects

A total of 94 (47 lean and 47 obese individuals) subjects,
free of vascular disease, diabetes, or cancer, and currently
not taking medications that affect carbohydrate and lipid
metabolism, participated in this study. A subset of 16
subjects (8 lean and 8 obese) were also studied for oxidation
of f-OHB by muscle homogenates. Body mass index was
calculated from body mass and height, which were recorded
to the nearest 0.1 kg and 0.1 cm, respectively. Written
consent was obtained from the participants after they were
informed of the nature of the study. The University and
Medical Center Institutional Review Board approved the
protocols for these studies.

2.2. Blood analyses

Venous blood was drawn from an antecubital vein from
each subject after a 12-hour fast into tubes containing EDTA
(1 mg/mL) as an anticoagulant, and aprotinin (10 kIU/mL)
as a protease inhibitor. Plasma was prepared by centrifuga-
tion and stored at —80°C until analyzed. Glucose concen-

tration was measured using a Glucose and Lactate Analyzer
(model 2300, YSI Inc, Yellow Springs, Ohio). Insulin
concentration was measured using a microparticle enzyme
immunoassay (Abbott Laboratories, Abbott Park, Ill).
f-OHB concentration was measured using a commercially
available kit from Sigma (Sigma, St Louis, Mo), and
nonesterified fatty acid levels were determined using a kit
from Waco (Waco Chemicals, Richmond, Va).

2.3. Biochemical methods

Rectus abdominus muscle biopsies were obtained from
the participants undergoing gastric bypass surgery [9,10] or
total abdominal hysterectomy. The rate of f-OHB oxidation
was determined as previously described [2] with a slight
modification [11]. Briefly, muscle was homogenized
(1:19 wt/vol) in media containing 250 mmol/L sucrose,
1 mmol/L EDTA, 10 mmol/L Tris-HCl (pH 7.4), and
2 mmol/L ATP. Triplicate homogenate incubations were
carried out in media containing the following at final
concentrations: 0.1 M sucrose, 10 mmol/L Tris-HClI,
5 mmol/L K,HPO,4, 80 mmol/L KCI, 1 mmol/L MgCl,,
2 mmol/L L-carnitine, 0.1 mmol/L malate, 2 mmol/L
ATP, 0.05 mmol/L coenzyme A, 1 mmol/L dithiothreitol,
0.2 mmol/L EDTA, 0.5% BSA, and 1.25 mmol/L [1 '*C]-
f-OHB (0.03 mCi/mL). Incubations were terminated after
1 hour with the addition of 70% perchloric acid. One
normal NaOH was used to trap '*CO, that evolved from the
incubation. Data are expressed as nanomoles of '*CO,
produced per gram wet weight tissue per hour.

Citrate synthase activity was measured using a modified
technique from Srere [12]. Muscles were thawed just before
the start of the assay, refrozen in liquid nitrogen, then
thawed to ensure freeze fracturing of the mitochondria.
Muscle was homogenized (1:9 wt/vol) in media containing
0.175 mmol/L KCl and 2.0 mmol/L EDTA (pH 7.4). Citrate
synthase activity was measured at 37°C in 0.1 mmol/L Tris-
HCL (pH 8.3) assay buffer containing 0.12 mmol/L 5,5-
dithiobis(2-nitrobenzoic acid) and 0.6 mmol/L oxaloacetate.
After an initial absorbance reading taken at 412 mm, the
reaction was initiated with the addition of 3.0 mmol/L
acetyl-CoA. The change in absorbance was measured every
15 seconds for 7 minutes. Enzyme activity was expressed as
micromoles per gram of tissue per minute.

Table 1

Physical and biochemical characteristics of all the subjects in the study
Lean Obese

N 47 47

Age (y) 434 £ 22 46.7 £ 2.8

BMI (kg/m?) 245 + 0.5 46.6 £ 1.7*

Glucose (mg/dL) 882 + 3.5 96.1 + 3.7

Insulin (¢U/mL) 59+ 08 15.8 £ 2.4%

Free fatty acids (nmol/L) 463 £ 44 662 + 46*

Data are presented as mean = SEM.
* Significantly different from the lean group (P < .05).
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Table 2
Physical and biochemical characteristics of the subjects in the ketone-body
oxidation arm of the study

Lean Obese
N 8 8
Age (y) 434 £ 22 459 £ 24
BMI (kg/m?) 247 + 0.7 43.6 + 1.7*
Glucose (mg/dL) 87.8 + 4.0 90.1 + 5.1
Insulin (¢U/mL) 3.8 £ 0.8 12.8 £ 1.9%

Data are presented as mean + SEM.
* Significantly different from the lean group (P < .05).

2.4. Statistics

Data are reported as mean + SEM. The data were
analyzed using a 1-way ANOVA with Newman Keuls’ post
hoc testing when necessary. Statistical significance was

inferred when P < .05 (SPSS Inc, Chicago, Ill).

3. Results

Table 1 shows the physical and biochemical character-
istics of the subjects who participated in this study. There
were no statistically significant differences in age or
plasma glucose concentrations between the 2 groups, and
none of the subjects was diabetic (fasting plasma glucose
>125 mg/dL). As would be expected, the body mass index
and plasma insulin concentrations were significantly higher
in the obese than in the lean subjects. Free fatty acid
concentration was significantly higher in the obese than in
the lean women.

Table 2 shows that the physical and biochemical
characteristics of the subset of subjects who participated in
the arm of the study that examined ketone-body oxidation
by muscle homogenates did not differ from the character-
istics of all the subjects in the study.

The concentrations of $-OHB in the plasma of the 2
groups of subjects are shown in Fig. 1. Plasma f-OHB
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Fig. 1. Plasma f-hydroxybutyrate concentration in obese and lean women.
p-Hydroxybutyrate concentration was determined using a commercial kit as
described in Methods. f-Hydroxybutyrate levels were significantly lower in
the plasma of the obese than in the plasma of the lean women. There were
47 subjects in each group.

*

4 1
@ obese T
3,54 Onon-obese

citrate synthetase

obese non-obese

Fig. 2. Rates of oxidation of [I '*CJ-B-hydroxybutyrate by muscle
homogenates. The rate of [-hydroxybutyrate oxidation was determined
by measuring the rate of CO, production from the complete oxidation of
[1 'C]-B-hydroxybutyrate. Data are expressed as nanomoles of CO,
produced per gram of wet tissue weight per hour. Details of the procedure
that was used are described in Methods. The rate of f-hydroxybutyrate
oxidation was significantly lower in the muscle homogenates of the 8 obese
than those of the 8 lean women.

concentration in the obese subjects was lower by 37% (P <
.05) than the concentration of f-OHB in the lean group.

Fig. 2 shows the rates of oxidation of [1 "*C]-5-OHB by
muscle homogenates from subsets of the original lean and
obese groups (8 subjects in each group). The rate of f-OHB
oxidation, measured as the rate of "*CO, production from
complete oxidation of '*C-$-OHB by muscle homogenates
of the obese group, was 45% lower (P < .05) than that of
the nonobese group.

The activity of citrate synthetase in muscle whole
homogenates from the lean and obese subjects who were
included in S-OHB oxidation experiments (Table 2) is
shown in Fig. 3. Consistent with previous results from our
group, citrate synthetase activity in the obese was 22%
lower than that in the lean subjects (P < .05)
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Fig. 3. Citrate synthetase activity in muscle homogenates. Citrate synthase
activity was measured in muscle homogenates of the same subjects who
were included in Fig. 2. Enzyme activity was significantly lower in the
obese than in the lean women.
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4. Discussion

The present study provided 2 novel findings with regard
to the association of impairments in ketone body metabo-
lism with obesity. The first is that circulating levels of
ketone bodies are lower in obese than in lean women.
Circulating levels of ketones are a function of the rate of
their production by the liver and the rate of their use by
extrahepatic tissues. The rate of ketone body production, in
turn, is dependent on the abundance of plasma free fatty
acids and the ability of the liver to oxidize these fatty acids.
Our data show that plasma free fatty acid concentrations
were higher in the obese than in the lean women (Table 1).
These data suggest that despite elevated levels of plasma
free fatty acids, the ability of the liver to produce ketone
bodies might be lower in the obese than in the lean women.
Although we did not determine the underlying causes of the
lack of association between plasma free fatty acid concen-
tration and plasma ketone body production by the liver, it is
reasonable to assume that either the capacity of the liver to
oxidize fatty acids or its capacity to synthesize ketone
bodies is impaired in the obese subjects. The results of
ketone body oxidation by muscle that we obtained provide
clues on the metabolism of ketone bodies by liver, as further
discussed below.

The second novel finding from this study is that the
oxidation of ketone bodies was lower in muscle homogenates
of the obese than of the lean women (Fig. 2). As mentioned
earlier, as the rate of ketone body oxidation is related to
plasma ketone body concentration, it is not surprising that the
rate of oxidation of ketone bodies by muscle of the obese
group was lower than that of the lean counterparts as plasma
levels of ketone bodies were lower in the obese than in the
lean group. Interestingly, this finding sheds some light on the
relationship between obesity and ketone body metabolism by
liver. Thyfault et al [13] have recently reported that whole-
body fatty acid oxidation was lower in obese than in lean
subjects. Because ketone body production by the liver is
dependent on free fatty acid concentration in the plasma, and
because plasma free fatty acid levels were higher in the obese
than in the lean subjects, it could be safe to postulate that
fatty acid oxidation by the liver is decreased in the obese
women. The concomitant result is the decrease in ketone
body concentration that we observed here.

The decreased rate of ketone body oxidation by muscle
homogenates of obese subjects is further exacerbated by
inherent differences in muscle metabolism in obese subjects.
We have reported that the glycolytic muscle fibers are more
abundant in obese than in lean subjects [14]. In addition, our
finding in this study showing that citrate synthetase activity
is lower in the muscle of obese than that of lean subjects,

which is consistent with the previous findings from our
group [2], suggests that mitochondrial function is impaired
in obese subjects. Kelley et al [15] have reported that
mitochondrial capacity and numbers are lower in muscle of
obese individuals than that of lean subjects. Based on the
data from the present investigation, we postulate that the
decrement in ketone body oxidation by muscle of the obese
subjects might be due to impairment in mitochondrial
function and decreases in mitochondrial numbers. However,
it is difficult from the present results to determine whether
the abnormalities described are the result of obesity or
predispose certain persons to obesity.
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