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The 2-keto[1-'3Clisocaproate breath test has been proposed as a tool to detect mitochondrial dysfunction in alcoholic liver
disease. The aim of this study was to evaluate if the 2-keto[1-'*Clisocaproate breath test could detect in vivo dynamic changes
on mitochondrial activity due to caloric restriction in obese women. Fifteen obese women (body mass index [BMI] > 30
kg/m?2) participated in the study at baseline. Ten of these women agreed to participate on a diet program to induce body
weight loss. Fifteen lean women (BMI < 25 kg/m?) were included as a control group. The breath test was performed by the
oral administration of the tracer measuring '*CO, enrichment in breath before and after ingestion using isotope ratio mass
spectrometry. Body composition, resting energy expenditure, and plasma levels of insulin and leptin were measured. There
were no relationships observed between the 2-keto[1-'*Clisocaproate breath test and the plasma insulin (before diet: P =
.863; after diet: P = .879), or leptin (before diet: P = .500; after diet: P = .637). In obese women before treatment, kilograms
of fat free mass (P = .108), resting energy expenditure adjusted for body composition (P = .312), and the 2-keto[1-
3Clisocaproate breath test (P = .205) were similar in comparison to lean women. However, 2-keto[1-'*Clisocaproate
oxidation tended to increase after dieting and was significantly higher than in controls (P = .015). These data suggest that the
2-keto[1-"3Clisocaproate breath test reflected the adaptive modifications in mitochondrial oxidation in response to caloric

restriction in obese women.
Copyright 2003 Elsevier, Inc. All rights reserved.

HE 2-KETO[1-"*CJISOCAPROATE breath test has been
proposed as a noninvasive probe to study mitochondrial
function in vivo.! The principle of this assay is that 2-ketoiso-
caproate, labeled with '*C in the carboxylic acid group, is
decarboxylated by a dehydrogenase complex located in the
inner mitochondrial membrane,2 generating '*CO, and
isovaleryl-CoA. Thus, the in vivo assessment of the mitochon-
drial activity is possible by measuring the exhalation of '*CO,
after an oral load of 2-keto[1-'*Clisocaproate.! Human re-
search using this approach showed that the 2-keto[1-'*CJiso-
caproate breath test could be considered as a specific marker to
detect mitochondrial impairment associated with alcoholism.3->
The human branched chain 2-keto acid dehydrogenase com-
plex is located not only in liver,>> but also in the pancreas,
kidney, brain, skeletal muscle, and adipose tissue.® The enzy-
matic activity is dependent on the mitochondrial integrity? and
is regulated by several agents, such as redox status of cells,
availability of CoA, or insulin.” Thus, the oxidation carried out
by different tissues and the effect of endocrine factors could be
involved in the outcome of the 2-keto[1-'*C]isocaproate breath
test.8? This raises the possibility for applying this breath test to
study the mitochondrial oxidation of the tracer in obesity,
because mitochondria are involved in the modulation of body
weight by changes in human energy expenditure,'? and adipose
tissue is able to handle branched chain amino acids.”
Therefore, the aim of this study was to evaluate the 2-keto[1-
'3Clisocaproate breath test on obesity and to study whether the
response of the mitochondrial function to caloric restriction
could be detected in vivo by the breath test in obese women
under a dietary treatment to lose weight.

MATERIALS AND METHODS
Subjects

Patients.  Fifteen obese women (age, 21 to 57 years and body mass
index [BMI] between 31. 4 and 40.3 kg/m?) were recruited to partici-
pate in this experimental trial. These volunteers were selected and
monitored by a physician in the Department of Physiology and Nutri-
tion of the University of Navarra and were in good health, as assessed
by medical history, physical examination, and routine hematologic and
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biochemical analyses. Ten of these women were randomly assigned to
a 10-week energy-restricted dietary program to lose weight. Five of
these patients followed an energy-restricted hyperproteic diet (carbo-
hydrates, 40%; lipids, 30%; proteins, 30%) and the other 5, a hypoca-
loric balanced diet (carbohydrates, 55%; lipids, 30%; proteins, 15%).
During the first 2 weeks, the caloric restriction was adjusted to be 500
kcal less than the initial resting energy expenditure of each woman,
based on current recommendations. The caloric restriction was gradu-
ally increased every 2 weeks by 10% of the measured resting energy
expenditure, but intake was never under 1,000 kcal per day. The
experimental group of obese women performed no vigorous exercise
during the dietary intervention trial.

Controls.  Fifteen lean women (age, 18 to 43 years and BMI be-
tween 20.0 and 22.2 kg/m?) were included in the control group. These
women were healthy volunteers with no history or laboratory evidence
of disease. Laboratory investigation included fasting blood sampling
for complete blood count, plasma electrolytes and glucose, renal and
liver function tests, lipid profile, plasma insulin, thyroid hormones, and
a urine analysis.

All women participating gave their written informed consent to be
involved in this experimental trial, which was previously approved by
the Ethical Committee of the University of Navarra.

Methods

The 2-keto[1-'*C]isocaproate breath test was performed according to
previous studies.’-5 After an overnight fast, the subjects, who rested for
15 minutes before and during the test, received 6.5 wmol/kg 2-keto[1-
!3Clisocaproate sodium salt (Euriso-top, Saint-Aubin Cedex, France)
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Table 1. Biological Parameters Obtained in Control Group and in Obese Women

Lean Women Obese Women

Fat mass (%)

Fat mass (kg)

Fat-free mass (%)

Fat-free mass (kg)

Resting energy expenditure (kcal/d)

Resting energy expenditure adjusted for body composition (kcal/d)

Respiratory quotient

25.9 (19.4-30.0)
14.9 (11.5-18.9)
74.0 (65.6-76.6)
44.7 (38.9-47.4)
1,422 (1,370-1,460)
1,509 (1,463-1,562)
0.82 (0.76-0.88)

49.3 (45.1-53.9)*
39.8 (37.7-56.5)*
50.7 (46.1-54.6)*
46.5 (43.8-53.8)
1,520 (1,470-1,690)*
1,493 (1,440-1,567)
0.87 (0.84-0.92)

*Significant differences (P < .050) between lean and obese women.

together with 152.4 wmol/kg L-leucine USP (Sigma-Aldrich Chemical,
Madrid, Spain) dissolved in 200 mL orange juice. Breath samples were
recovered by exhaling through a straw into a tube (Labco, High
Wycombe, England) before and at 10-minute intervals during the 2
hours after ingestion of the 2-keto[1-'*Clisocaproate. Enrichment of
'3CO, in breath was measured by isotope ratio mass spectrometry on a
BreathMAT plus spectrometer (Finnigan, Bremen, Germany). The
results obtained by this technique, which are expressed as & *Cppp
(%o) value,!! were converted to a percentage of the '*C-administered
dose recovered in breath per hour (%'*C/h), according to Ghoos et al.!!
The curve, which represented the time curse of the transformed data,
was analyzed to measure the maximal rate of tracer oxidation or peak
exhalation percentage of the dose (%'3C/h). The percent of 2-keto[1-
3Clisocaproate oxidized at 2 hours after the test solution ingestion
(%'3C) was calculated as the area under the kinetic curve.!2

Body composition was measured by air displacement plethysmog-
raphy!3 in the morning and in a fasted state. The analyzer used was a
Bod Pod Body Composition System (Life Measurement Instruments,
Concord, CA).

Oxidative metabolism was estimated by 30 to 45 minutes of indirect
calorimetry using a Vmax 29 calorimeter (SensorMedics, Yorba Linda,
CA). Calorimetry was performed in the morning after an overnight fast,
with subjects resting before and during the calorimetry. The respiratory
quotient and the resting energy expenditure were calculated.

All measurements were performed in all subjects at the beginning
and at the end of the obese group dietary treatment. Fasting plasma
insulin of obese patients was assayed before and after the dietary
treatment by automated immunoassay on an IMMULITE analyzer
(DPC, Los Angeles, CA). Similarly, fasting plasma leptin concentra-
tion was measured using the DSL-23100 inmunoradiometric assay kit
(Diagnostic Systems Laboratories, Webster, TX).

Statistical Analysis

Nonparametric statistical assay was performed by Statistica software
using Windows 97 (Microsoft, Redmond, WA). Differences between
independent groups were determined by the Mann-Whitney U test and
comparisons between dependent groups by the Wilcoxon matched pairs
test. Correlation analysis was performed by the Spearman test, and the
resting energy expenditure was adjusted for body composition by linear
regression.

RESULTS

Effect of Obesity on the 2-Keto[1-">C]Isocaproate Breath
Test

Body composition analysis showed that the observed fat-free
mass of obese women (n = 15) who participated in the study
was similar to the control group values (n = 15) (Table 1). The
respiratory quotient and the resting energy expenditure adjusted
for body composition (fat and fat-free mass) were also similar
between the groups (Table 1). Furthermore, the percentage of

tracer oxidized during the 2-keto[1-'*C]isocaproate breath test
did not differ from that obtained in the lean women group
(obese: median, 27.9%; 25th to 75th percentiles: 22.0% to
29.3%; controls: median, 29.7%; 25th to 75th percentiles:
25.7% to 33.4%; P = .205). Also, no statistical differences
between the groups in maximal oxidation rate were observed
(obese: median, 22.5%/h; 25th to 75th percentiles: 17.4%/h to
27.0%/h; controls: median, 22.5%/h; 25th to 75th percentiles:
20.6%/h to 29.1%/h; P = .534).

The analysis of data revealed no correlation between the
2-keto[1-'*C]isocaproate breath test and the body composition
(fat-free mass: r = -.24 P = 228 for the percentage of oxidized

tracer and r = -.28, P = .149 for the maximal oxidation rate;
fat mass: r = -.19, P = .324 for the percentage of oxidized
tracer and r = -.15, P = .149 for the maximal oxidation rate).

Additionally, no association between the respiratory quotient
and the oxidation parameters obtained by 2-keto[1-'*C]isoca-
proate breath test was found (r = -.24, P = .219 for the
percentage of oxidized tracer; r = .09, P = .673 for the
maximal oxidation rate). The resting energy expenditure ad-
justed for the body composition showed no correlation with the
result of the breath test (r = .01, P = .981 for the percentage
of oxidized tracer and r = -.13, P = .499 for the maximal
oxidation rate).

The lack of statistical association between the biological
variables studied and the 2-keto[1-'*C]Jisocaproate breath test
was maintained when obese patients and lean controls were
analyzed in separate groups.

In the obese women group, the percentage of 2-keto[1-
'3Clisocaproate oxidized did not correlate with plasma levels
of insulin (r = .04, P = .897) or leptin (r = .11, P = .749), and
no relationship between the maximal oxidation rate and the
plasma levels of insulin (» = -.06, P = .863) or leptin (r = .23,

= .500) was found. Among the patients of this group, 6 had
hyperinsulinemia (basal levels of insulin in plasma higher than
25 pU/mL) with the overload glucose test in normal range,
although their body composition (P = .200 for fat-free mass
and P = .631 for fat mass), respiratory quotient (P = .169), as
well as the resting energy expenditure adjusted for body com-
position (P = .054), were similar to that of obese patients
without hyperinsulinemia.

Effect of the Caloric Restriction Program on the
2-Keto[1-°C JIsocaproate Breath Test

Ten patients included in the group of obese women agreed to
participate in the dietary trial designed to lose weight by
following 2 different types of hypocaloric diets. After the
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Fig 1. Resting energy expenditure in lean and obese women be-
fore and after the dietary trial to lose weight.

dietary regimen, the weight reduction was between 3.8% and
8.3% (mean, 6%; SD, 1.7%) for 5 women who were fed the
balanced diet according to current macronutrient recommenda-
tions for healthy adults and 2.5% and 12.4% (mean, 7%; SD,
3.4%) for 5 women receiving the energy-restricted hyperproteic
diet. Because a similar response was observed between the 2
dietary groups concerning all the metabolic parameters studied,
the findings were grouped together for further analysis.

The dietary program decreased fat mass (P = .008), but did
not affect the fat-free mass (P = .477) of participants. Plasma
levels of leptin (before diet: median, 53.7 ug/L; 25th to 75th
percentiles: 49.2 wg/L to 76.4 pg/L; after diet: median, 31.0
mg/L; 25th to 75th percentiles: 21.4 wg/L to 38.5 ug/L; P =
.017), as well as the basal levels of insulin (before diet: median,
22.9 pU/mL; 25th to 75th percentiles: 10.0 wU/mL to 32.3
pU/mL; after diet: median, 8.0 wU/mL; 25th to 75th percen-
tiles: 7.2 pU/mL to 11.5 pU/mL; P = .017) decreased after
treatment.

As expected, the respiratory quotient decreased (before diet:
median, 0.88; 25th to 75th percentiles: 0.87 to 0.92; after diet:
median, 0.87; 25th to 75th percentiles: 0.81 to 0.88; P = .043),
as well as the resting energy expenditure adjusted for body
composition (Fig 1). In fact, energy expenditure was lower in
the obese women after the nutritional intervention than in lean
women (P = .001) (Fig 1). In contrast, the 2-keto[1-'*Cliso-
caproate oxidation in the obese group who followed the dietary
trial (n = 10) increased after the diet intervention (Fig 2), as
reflected by the maximal oxidation rate (before diet: median,
22.5%/h; 25th to 75th percentiles: 17.4%/h to 27.0%/h; after
diet: median, 29.9%/h; 25th to 75th percentiles: 22.5%/h to
30.5%/h; P = .015) and was higher than in the control group
(P = .034). The amount of tracer oxidized also tended to
increase after the caloric restriction trial (before diet: median,
27.9%; 25th to 75th percentiles: 22.0% to 33.0%; after diet:
median, 35.4%; 25th to 75th percentiles: 27.6% to 36.1%; P =
.066) and was statistically higher than in lean women (P =
.015) (Fig 3). No correlation between the amount of weight loss
and the percentage of tracer oxidized after dieting (r = —.34,
P = .328) and the increment of oxidation (r = -.25, P = .489)
was found.
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Fig 2. Kinetic curves describing the time course of the 2-keto[1-
13Clisocaproate oxidation measured by the breath test in lean and
obese women before and after the dietary trial to lose weight (mean
together with the 95% confidence interval). (--(J--), Obese women
before treatment; (--M--), obese women after treatment; and (—A—),
lean women.

DISCUSSION

Obesity is caused by a chronic imbalance between energy
intake and energy expenditure and has been related to genetic
predisposition, sedentary lifestyle, and overfeeding.!#!'5 Al-
though the involvement of mitochondrial dysfunction as a
primary cause of obesity is unusual, these organelles could be
involved in the disease due to their fat oxidation and energy
production.'® The oxidation of the 2—ket0[1—13C]isocaproate
measured by a breath test has been proposed as a noninvasive
method to study mitochondrial function in vivo.!-*-17 The use-
fulness of this probe to detect mitochondrial impairment in alco-
holic patients,># as well as in the differential diagnosis of alcoholic
and nonalcoholic hepatic steatosis,> has been documented. More-
over, it is likely that this breath test may reflect not only the tracer
oxidation in liver, but also the whole body mitochondrial metab-
olism of 2-keto[1-'>Clisocaproate.3%-'8 Based on the oxidative
information obtained through the 2-keto[1-'>Clisocaproate breath
test, we studied whether the mitochondrial function reflected by
this breath test suggested an impairment in obese women.

In agreement with previous studies,!” the obese women
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Fig 3. Percentage of tracer oxidized estimated by the 2-keto[1-
3Clisocaproate breath test in lean and obese women before and
after the dietary program to lose weight.
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participating in our trial had similar resting energy expenditure
values than the control group when the parameter was adjusted
for fat mass and fat-free mass. Moreover, the respiratory quo-
tient was similar between both groups, indicating that the
macronutrient utilization was not different between the obese
and the lean women under the described experimental condi-
tions. The 2-keto[ 1-'*Clisocaproate oxidation was also similar
between groups, suggesting that the mitochondrial function esti-
mated by this breath test was not impaired in the obese women.
Similarly, other investigators have found no differences in the
maximal mitochondrial function of obese and non-obese women,
using *'P magnetic resonance spectroscopy.2°

Branched chain amino acid metabolism in adipose tissue is
regulated by insulin.” For that reason, the insulin resistance
associated with obesity could promote a decrease in 2-keto[1-
13C]isocaproate oxidation, but our results showed that obese
patients with hyperinsulinemia oxidized a similar percentage of
tracer to that measured in lean controls or in patients with
plasma levels of basal insulin in the normal range. Previous
studies have reported that obese-related insulin resistance did
not affect leucine oxidation.2! The oxidation of [1-'*C]leucine,
as measured by the breath test (data not show), was similar in
lean and in obese women and was not changed after the weight
reduction in treated obese women. That this catabolic pathway
is not affected by insulin resistance may account for why the
2-keto[1-'*C]isocaproate breath test was not altered in obese
patients with hyperinsulinemia.

The 2-keto[1-'*Clisocaproate breath test performed in the
obese women involved in this study did not reflect a mitochon-
drial dysfunction, however, observations in subjects with es-
tablished obesity may reflect a state of compensated metabo-
lism.!> Based on this, we attempted to detect a dynamic
mitochondrial response to perturbations in energy balance by
using the breath test in obese women before and after a dietary
treatment-induced weight loss. The decrease in respiratory quo-
tient of obese women after the dietary intervention showed the
impact that nutritional therapy had on peripheral metabolism by
enhancing the utilization of lipids to reduce body weight.
Previous studies with the 2-keto[1-'>Clisocaproate breath test
were performed with subjects having similar body weights to
reduce the potential variability of the breath test related to body
composition.3->-822 Based on this, we studied the effect of
changes in body composition on the breath test. We found no
correlation between body composition and the 2-keto[1-'>C]
isocaproate breath test performed in non-obese and obese
women, before and after diet-induced weight reduction, sug-
gesting that, at least in women, the breath test is independent of
the size of fat and fat-free mass body compartments under the
chosen experimental conditions.

While the contribution of low resting energy expenditure to
the etiology of obesity is controversial,'>! it is well estab-
lished that weight gain or loss is associated with compensatory
changes in energy expenditure.”?> We observed an adaptive
reduction in resting energy expenditure to increase the meta-
bolic efficiency of caloric intake in obese women after the
dietary intervention. In contrast, the oxidation of 2-keto[1-
13Clisocaproate measured by the breath test was increased after
the caloric restriction.

Some investigators have used the 2—keto[1—l3C]isocaprote
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breath test and the resting energy expenditure to estimate
changes in mitochondrial function associated with tacrolimus
exposure on patients with liver transplantation.>* They found
relationships between the resting energy expenditure and the
percentage of tracer oxidized,> while our results showed no
correlation between the resting energy expenditure and the
oxidation of 2-keto[1-'*Clisocaproate. These differences could
be ascribed to individual characteristics of the subjects partic-
ipating in both studies. On the other hand, resting energy
expenditure mainly depends on the oxidative processes occur-
ring in fat-free tissues,>* while enzymes implicated in the
oxidative pathway of 2-keto[ 1-'C]Jisocaproate present a wider
tissue distribution,® suggesting that the percentage of tracer
oxidized and the resting energy expenditure may supply differ-
ent and not directly related information about oxidative pro-
cesses.

The metabolic response to caloric restriction reflected by
resting energy expenditure could be partly determined by a
feedback system linking the state of fat store depletion to a
compensatory mechanism that suppresses thermogenesis.'® We
hypothesized that changes in mitochondrial oxidation of 2-
keto[1-"*Clisocaproate could also be involved in this response.
As expected, the reduction in fat mass was accompanied by a
decrease in plasma levels of insulin, and the increase in 2-
keto[1-'*ClJisocaproate oxidation reflected by the breath test
could be related to the improvement of insulin resistance in
these treated obese patients. This hypothesis is supported by the
improvement of liver mitochondrial respiratory function after
the administration of insulin, as described in diabetic rats.2¢

In addition, the fat depletion in the dietary treated obese
patients was accompanied by a decrease in plasma levels of
leptin, which has been proposed to participate in the thermo-
genesis by uncoupling oxidative phosphorylation.?’ In isolated
liver mitochondria from ob/ob mice, an increased proton leak-
age was described, as well as the reduction in this proton
leakage after the acute administration of leptin.?® In relation
with this, mitochondrial proteins, named uncoupling proteins
(UCPs), could be involved in thermogenesis.?® Due to the
dependence of 2-keto[1-'*C]Jisocaproate on the redox status in
cells,? uncouplers of the oxidative phosphorylation could in-
crease the percentage of tracer oxidized by increasing the
NAD*/NADH ratio.?2 This effect has been described after
administration of mitochondrial uncouplers, such as salicy-
late,?? or tacrolimus.?* In the same way, mitochondrial UCPs
could participate in the metabolic response to the weight re-
duction in treated obese women,3° and the uncoupling of mi-
tochondrial respiration mediated by them could increase the
oxidation of 2-keto[1-'*Clisocaproate.

In summary, the 2-keto[1-'*Clisocaproate breath test sug-
gests that obese patients have no mitochondrial oxidation im-
pairment. However, obese women after a dietary intervention
prescribed to lose weight, presented higher 2-keto[1-'*C]iso-
caproate oxidation than lean women, indicating the 2-keto[1-
'3Clisocaproate breath test reflected the mitochondrial response
to caloric restriction, independent of changes in body compo-
sition. Therefore, the 2-keto[l-'*Clisocaproate breath test
could be considered as a noninvasive and safe probe useful for
monitoring in vivo dynamic changes in mitochondrial metab-
olism during the treatment of obesity.
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