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Dynamic changes in fat oxidation
In human primary myocytes mirror
metabolic characteristics of the donor

Barbara Ukropcova, Michele McNeil, Olga Sereda, Lilian de Jonge, Hui Xie,
George A. Bray, and Steven R. Smith

Pennington Biomedical Research Center, Baton Rouge, Louisiana, USA.

Metabolic flexibility of skeletal muscle, that is, the preference for fat oxidation (FOx) during fasting and for
carbohydrate oxidation in response to insulin, is decreased during insulin resistance. The aim of this study
was to test the hypothesis that the capacity of myotubes to oxidize fat in vitro reflects the donor’s metabolic
characteristics. Insulin sensitivity (IS) and metabolic flexibility of 16 healthy, young male subjects was deter-
mined by euglycemic hyperinsulinemic clamp. Muscle samples were obtained from vastus lateralis, cultured,
and differentiated into myotubes. In human myotubes in vitro, we measured suppressibility (glucose suppres-
sion of FOx) and adaptability (an increase in FOx in the presence of high palmitate concentration). We termed
these dynamic changes in FOx metabolic switching. In vivo, metabolic flexibility was positively correlated with
IS and maximal oxygen uptake and inversely correlated with percent body fat. In vitro suppressibility was
inversely correlated with IS and metabolic flexibility and positively correlated with body fat and fasting FFA
levels. Adaptability was negatively associated with percent body fat and fasting insulin and positively corre-
lated with IS and metabolic flexibility. The interindividual variability in metabolic phenotypes was preserved
in human myotubes separated from their neuroendocrine environment, which supports the hypothesis that

metabolic switching is an intrinsic property of skeletal muscle.

Introduction

Obesity and type 2 diabetes are characterized by an increase in body
fat, a decrease in insulin-stimulated glucose disposal, and disturbanc-
es of oxidative metabolism. Skeletal muscle, the organ responsible for
the majority of insulin-stimulated glucose uptake, has a decreased
oxidative capacity in obesity and diabetes (1-3) and after weight
loss (4-7). Furthermore, Zurlo (8) and others (9-11) showed that
decreased fat oxidation (FOx) (represented by a higher respiratory
quotient [RQ], the ratio of CO; produced to O, consumed) is a pre-
dictor of weight gain, which suggests the importance of early defects
in FOx for future development of obesity and diabetes. Defects in
skeletal muscle oxidative capacity and fat metabolism are highly cor-
related with insulin sensitivity (IS) (1, 5, 12) and are believed to con-
tribute to the pathogenesis of insulin resistance (13, 14).

Ahigh-fat diet (HFD) challenges the oxidative machinery of skel-
etal muscle. Substantial variability exists in the ability of individu-
als to adapt to HFD by increasing FOx (15). An imbalance between
fatintake and FOx results in a positive fat balance (15). Decreased
adaptation to HFD has been observed in restrained eaters (16),
formerly obese (17, 18) and obese individuals (19), and individu-
als with a family history of obesity (20). The latter study points
toward a possible genetic basis for reduced FOx. Attenuated adap-
tation to HFD might represent yet another feature of “metabolic
inflexibility,” the impaired ability of skeletal muscle to switch from
carbohydrate to fat oxidation during fasting and from fat to car-

Nonstandard abbreviations used: ASP, acid-soluble product; FOx, fat oxidation;
HEFD, high-fat diet; IS, insulin sensitivity; LBM, lean body mass; ARQ (clamp), change
in RQ during a clamp; RQ, respiratory quotient; TOx, total palmitate oxidation;
VO,max, maximal oxygen uptake.
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bohydrate oxidation in response to insulin (14, 21). The question
is, what plays the major role in the handling of a HFD challenge
— the neuroendocrine environment, e.g., insulin, leptin, adiponec-
tin, or the capacity of skeletal muscle to oxidize fatty acids?

Obese and lean individuals differ in their response to hyperinsu-
linemia. Healthy lean individuals use lipids as a main source of fuel
under fasting conditions, and they readily switch to carbohydrate
oxidation in response to insulin. On the contrary, the inflexible
muscle of an insulin-resistant individual is characterized by lower
fasting lipid utilization and does not switch to carbohydrate oxi-
dation in response to insulin (5, 14, 22, 23). Kelley and Mandarino
pointed out this loss of the “normal” fluctuations in carbohydrate
and FOx in insulin-resistant states and named it metabolic inflex-
ibility (14). The lower fasting FOx in insulin resistance might be
explained simply by the decreased capacity of skeletal muscle to
oxidize fat (1-3). Another possibility is suppression of FOx by glu-
cose, known as reverse Randle cycle (24-26).

In obesity, skeletal muscle could be an innocent bystander, insu-
lin resistant and inflexible because of neuroendocrine and environ-
mental factors. There is good evidence for defects in the endocrine
milieu (27-29). Impaired secretion of insulin, a major regulator of
substrate utilization in vivo, could contribute to the inflexible phe-
notype (13). High fatty acid concentrations result in insulin resis-
tance in a matter of minutes (30-33). A number of studies point out
detrimental effects of a HFD, which lead to the accumulation of lip-
ids and their intermediates (diacylglycerols, ceramides, long-chain
acyl-CoAs) associated with insulin resistance (34-38). Alternatively,
metabolic inflexibility and insulin resistance might be phenotypes
intrinsic to the muscle cells themselves, retained in vitro by either
genetic, epigenetic, or other, yet-unknown, mechanisms. Muscle
cells from insulin-resistant individuals remain insulin resistant in
vitro (39-42), which lends strong support to the hypothesis that
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Table 1
Clinical characteristics of the study population before the HFD

Phenotype Mean + SD Range
Ethnicity (white/Asian) 12/4

Age (yr) 22.4+3.6 18-29
Body weight (kg) 788142 59.2-105.8
BMI (kg/m2) 25.8+4.2 20.1-32.9
Fat mass (kg) 15.89+6.8 7.27-26.89
% Body fat 19.7+6.8 10.7-32.3
Waist circumference (cm) 825+9.7 72.9-98.5
VO,max (ml/kg/min) 41677 31.8-54.4
IS (mg/kg LBM/min) 10.8 £4.0 5.8-18.8
Fasting RQ (clamp) 0.837 +0.03 0.78-0.86
ARQ (clamp) 0.074 £ 0.037 0.03-0.14
24-h RQ STD 0.865 + 0.004 0.85-0.87
Fasting glucose (mg/dl) 82.0+5.6 70-90
Fasting insulin (uU/ml) 7.86+4.9 2.3-194
Fasting triglycerides (mg/dl) 111.3+92.2 33-328
Fasting FFAs (mmol/l) 0.41+£0.12 0.23-0.66

RQ was calculated as the ratio of CO, production to O, consumption;
IS, the glucose disposal rate, measured by clamp; ARQ (clamp) = RQ
at the end of the insulin-stimulated glucose infusion — fasting RQ; 24-h
RQ STD, 24-hour respiratory quotient measured in patients in a whole-
room calorimeter on a standard diet (35% fat, 16% protein, 49% carbo-
hydrate), adjusted for energy balance.

skeletal muscle insulin resistance is a primary disorder of skeletal
muscle and has a genetic or epigenetic origin. In contrast, much less
evidence exists regarding defects in muscle FOx ex vivo (43-45).
The purpose of this study was to test the hypothesis that meta-
bolic switching, represented by dynamic changes in FOx in vitro,
is an intrinsic characteristic of skeletal muscle cells, independent
of influences of the whole-body environment. We cultured muscle
satellite cells from individuals with differing clinical characteris-
tics in a standardized, insulin-free medium and measured 2 param-
eters of metabolic switching in vitro: (a) suppressibility — glucose
suppression of FOx, a measure of fuel preference in the absence
of insulin; and (b) adaptability — the increase in FOx in the pres-
ence of high palmitate concentration. We related these responses
of myotubes in vitro to the clinical phenotypes of their donors.

Results
The characteristics of the 16 men in this study are presented in
Table 1. In general, they were young and healthy with a broad
range of BMI (20.1-32.9 kg/m?), fat mass (7.27-26.89 kg), and IS
(5.8-18.8 mg/kglean body mass/min [mg/kg LBM/min]).
Relationship between metabolic flexibility and IS in vivo. As expected,
IS, measured by euglycemic hyperinsulinemic clamp (clamp), cor-
related negatively with percentage body fat (r = -0.60; P = 0.008)
and positively with maximal oxygen uptake (VO,max) (r = 0.59;
P =0.015), which confirms the well-documented relationship
among body fat mass, fitness, and IS (46-48). A negative correla-
tion was observed between IS and fasting levels of both insulin
(r=-0.65; P=0.0003) and FFAs (r=-0.81; P < 0.0001). Fasting RQ
during the clamp, a parameter of fasting fuel partitioning, was
related neither to IS (P = 0.80) nor to anthropometric character-
istics of subjects (percent body fat; P = 0.60). Metabolic flexibil-
ity, defined as the change in RQ during a clamp [ARQ (clamp)],
was negatively correlated with percent body fat and fasting FFA
levels, which indicated a lower capacity for metabolic switching
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between fuels in subjects with higher fat mass and increased
FFA levels (Table 2). On the other hand, ARQ (clamp) correlated
positively with IS and VO,max, which supports the existence
of a relationship between metabolic flexibility and both IS and
aerobic fitness, respectively (Table 2). Taken together, these data
demonstrate that defects in metabolic flexibility are present in
healthy, young men and mirror the defects seen in older subjects
with obesity and type 2 diabetes.

In vitro glucose suppressibility. An increase in the extracellular glucose
concentration in vitro resulted in a decrease of FOx as indicated by
levels of both *CO; and “C-intermediate metabolites of FOx (acid-
soluble products [ASPs]) (r =-0.96, P < 0.0001 for “CO,; r = -0.95,
P <0.0001 for ASPs; data not shown). A positive relationship was
observed between percent suppression of #CO, by glucose (% sup-
pression = [1 - (FOx at 5 mM glucose / FOx at 0 mM glucose)] x
100) and percent suppression of total palmitate oxidation (TOx) by
glucose (TOx = *CO, + “C-ASPs) (r=0.51; P=0.03).

In vitro metabolic adaptability. Increasing palmitate concentra-
tion in vitro produced an increase in *CO; and ASP production
(r=10.998; P < 0.0001; Figure 1B). However, in some subjects, the
maximal rate of FOx (reflected by ASP production) flattened out
at 100 uM palmitate, which suggests an inability to further oxidize
fatty acids. An inverse relationship was observed between basal FOx
(at 1 uCi/ml “C-palmitate with 0 uM cold palmitate) and the fold
increase in FOx (r = -0.51; P = 0.025). For both assays, 14CO, rep-
resented 10-30% of the total FOx, which indicates that the major-
ity of palmitate was processed through p-oxidation to intermedi-
ate metabolites (ASPs). No significant relationship was observed
between fold increase in *CO; (in the in vitro adaptability assay)
and percent suppression of *COj; (in the in vitro suppressibility
assay), when all 16 subjects were used for the analysis. However, a
significant correlation was present after 1 subject was eliminated
with a value greater than 3 SDs away from the mean of the remain-
ing subjects (r = -0.46; P = 0.048; n = 15). This finding supported
the hypothesis that subjects with greater capacity to increase FOx
when acutely exposed to high levels of palmitate would maintain
relatively high FOx when exposed to glucose, in an insulin-free
environment. For fold change of TOx, no significant relationship
was found between the results of the 2 assays. The results of both
in vitro assays are summarized in Table 3.

Reproducibility. We next validated the reproducibility of FOx
assays by demonstrating the reliability of FOx measurement. Both
FOx assays were performed on 2 different occasions, in a random
subset of the whole population (7 = 7 or 8). Results for both param-
eters of metabolic switching, suppressibility and adaptability, were
highly reproducible (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JC124332DS1).

Table 2
Metabolic flexibility correlates with clinical characteristics
of subjects in vivo

Clinical Fasting RQ ARQ 24-h RQ STD
characteristic (clamp) (clamp)
Body fat (%) r=0.1 r=-0.51A r=0.27
IS (mg/kg LBM/min) r=-0.06 r=0.908 r=-017
VOzmax (ml/kg/min) r=-0.08 r=0.59 r=-0.584
FFA (mmaol/l) r=0.28 r=-0.748 r=-0.21
n=16. AP < 0.05; BP < 0.005.
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Figure 1

Characteristics of in vitro metabolic switching assays. (A) Dose
response of FOx (measured by '“CO, production) to an increasing glu-
cose concentration (suppressibility). (B) Dose response of FOx (mea-
sured by *CO; production) to an increasing palmitate concentration
(adaptability). Arrows indicate a dynamic change in FOXx, representing
an in vitro correlate to the clinical phenotype. Muscle cells were grown
and differentiated into myotubes in 24-well plates. FOx assays were
performed after 5 days of differentiation. Myotubes were incubated for 3
hours in serum-free media with increasing concentrations of glucose or
palmitate. Assays were performed in duplicate, and data were normal-
ized to protein content. Data are from 1 representative experiment.

Glucose suppressibility of FOx is an intrinsic characteristic of muscle
cells. The ability of glucose to suppress FOx in myotubes in vitro
is represented by the percent suppression of *CO, production.
It was inversely correlated with in vivo metabolic flexibility [as
indicated by ARQ (clamp)] (r = -0.61; P = 0.007) and IS (as mea-
sured by clamp) (r = -0.60; P = 0.007) (Table 4 and Figure 2, A
and B), which supports the hypothesis that metabolic phenotypes
persist in vitro and reflect the in vivo pattern of response of the
muscle cell. The inverse correlation between suppressibility and IS
remained significant after IS was adjusted for fat mass (r = -0.47;
P =10.04). Similarly, we found a correlation between the suppress-
ibility of FOx by glucose (percent suppression of 1*CO,) in vitro
and percent body fat (r = 0.56; P = 0.02) and fasting FFA levels
(r=0.58; P=0.01; Figure 2, C and D) in vivo. However, these in
vitro-in vivo relationships were only observed for CO,, not for
total FOx (P = 0.5 for percent body fat; P = 0.1 for FFA levels),
which suggests a dominant role of CO, (via tricarboxylic acid
cycle) over intermediate metabolites of FOx (via 3-oxidation). Nei-
ther percentage suppression of 1*CO, nor percentage suppression
of TOx correlated with fasting RQ (measured by clamp) or 24-
hour RQ (measured by indirect
calorimetry) in vivo. A summary
of in vivo-in vitro relationships
is shown in Table 4.

Metabolic adaptability is an intrin-
sic characteristic of muscle cells. The
ability of cells to increase FOx
when acutely exposed to a high
palmitate concentration (fold
increase in 14CQO;) is a measure of
adaptability of muscle cells. Fold
increase in CO; was positively
correlated with in vivo metabolic
flexibility [as indicated by ARQ
(clamp)] (= 0.53; P = 0.035; Fig-
ure 3A),1S (as measured by clamp)
(r = 0.60; P = 0.015; Figure 3B)
and aerobic capacity (VO,max)

Table 3
Results of in vitro FOx assays
FOx assay

In vitro suppressibility

In vitro adaptability

1936
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Suppression of FOx with increasing glucose
concentration (nmol/3 h/mg protein)

Increase of FOx with increasing palmitate
concentration (nmol/3 h/mg protein)
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(r=10.70; P = 0.002; Figure 3C), respectively. However, the relation-
ship between adaptability and IS was blunted after IS was adjusted
for body fat (P=0.58). A negative relationship was observed between
body fat (r=-0.62; P = 0.01, Figure 3D) and a proxy of abdominal
fatness, waist circumference (r = -0.4; P = 0.01). A highly significant
correlation was observed between the fold increase in *CO; in vitro
and fasting insulin in vivo (r=-0.81; P = 0.0002; Figure 3E). Weaker
relationships were found between the fold increase in TOx in vitro
and level of body fat (r = -0.37; P = 0.1). The relationships between
fold increase in TOx and waist circumference or fasting insulin
level were statistically significant (r = -0.34, P = 0.02 and » = -0.55,
P=0.027, respectively). As was the case with the in vitro glucose sup-
pressibility assay, CO, production appeared to be a better correlate
with the clinical phenotypes than was ASP production. A summary
of in vivo-in vitro relationships is shown in Table 4.

Discussion

Obesity is associated with insulin resistance, impaired oxidative
capacity, and metabolic inflexibility of skeletal muscle. Kelley et al.
defined metabolic inflexibility as a low fasting FOx and a decreased
ability to switch from fat to carbohydrate oxidation in response to
insulin (14). The key question is whether inflexibility is a byproduct
of our obesigenic environment or a phenotype intrinsic to the skele-
tal muscle. To address this question, we used primary human skeletal
muscle cells, cultured for up to 5 weeks in a standardized medium,
isolated from other influences. This model is ideal for studying inter-
individual differences of metabolism intrinsic to the skeletal muscle,
i.e., independent of the influences of the whole-body environment,
and retained in vitro by genetic or epigenetic mechanisms.

The principal finding from this study is that metabolic switch-
ing, represented by dynamic changes in FOx in muscle cells,
reflects the metabolic characteristics of the cells’ donor. Suppress-
ibility, representing a glucose suppression of FOx in myotubes,
was inversely associated with metabolic flexibility and IS and posi-
tively correlated with body fat and fasting FFA levels. Adaptability,
the capacity of myotubes to increase FOx with a high palmitate
concentration, was positively correlated with metabolic flexibil-
ity, IS, and aerobic capacity and inversely associated with body fat
and fasting insulin levels (Figure 4). The relatively small number
of subjects with a broad range of metabolic phenotypes limited
categorical analysis of the data across clinical phenotypes of IS,
body fat, etc. However, our observations based on a cross-sectional

FOx rate Mean + SD Range
Maximal 14C0, 0.57+043  0.15-1.96
Suppressed 4C0, 0.24+0.18  0.07-0.82
% Suppression of 14C0, 58.72 £+10.18  40.0-81.37
14C0, at basal palmitate 0.33+£0.25 0.15-0.71
1400, at 100 uM palmitate 12707 0.67-3.37
Fold increase in 14CO, 3.19+0.76 2.99-4.87

In vitro suppressibility, suppression of 1#CO, production by glucose; % Suppression of “CO, = [1 — (FOx at 5
mM glucose / FOx at 0 mM glucose)] x 100. Maximal “CO, was measured at 20 uM palmitate, 0 mM glucose;
suppressed “CO, was measured at 20 uM palmitate, 5 mM glucose. In vitro adaptability, an increase in 4CO,
production with an acute exposure to high [palmitate]); fold increase in “CO, = *CO, at 100 uM palmitate /
14C0O, at basal palmitate; basal palmitate, 1 uCi/ml ['“C]palmitate, 0 uM cold palmitate. For all assays, 1 uCi/ml
[1-1#C]palmitate was used. Assays were performed in duplicate, and data were normalized to protein content.
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Parameters of metabolic switching in vitro correlate with clinical phenotypes of subjects

Metabolic flexibility in vivo

In vitro parameters FastingRQ ARQ 24-h RQ

of metabolic switching (clamp)  (clamp) STD

Adaptability Fold increase in r=-025 r=053 r=-0.30
14C0, with palmitate

Suppressibility % Suppression of r=012 r=-0.61" r=-0.05

14C0, by glucose

Clinical characteristics of subjects

1S Waist Body V0,max Fasting  Fasting
(mg/kg/  circum. fat (ml/kg/ FFA insulin
min) (cm) (%) min) (mmol/l)  (uU/ml)
r=060~ r=-03% r=-0.62" r=0.708 r=-041 r=-0.818
r=-0.60A r=011 r=056* r=-044 r=058" r=0.35

Basal palmitate, 0 uM cold palmitate, 1 uCi/ml labeled palmitate; % Suppression of *CO, = [1 — (FOx at 5 mM glucose / FOx at 0 mM glucose)] x 100; For
all assays, 1 uCi/ml [1-1“C]palmitate was used. Assays were performed in duplicate, and data were normalized to protein content. Data for fold increase in
14C0O. have been adjusted for basal *CO, production. n = 16. AP < 0.05, BP < 0.005. Circum, circumference.

analysis clearly demonstrate the relationship between clinical phe-
notypes and dynamic changes in FOx in cultured myotubes, which
supports the hypothesis that metabolic switching is, at least to a
certain extent, an intrinsic characteristic of skeletal muscle. Our
data does not exclude the potentially powerful modifying effects
of “extrinsic” influences — environmental or neuroendocrine — on
metabolic switching. As was shown previously, the metabolic phe-
notype can be substantially influenced by external factors such as
weightloss (5), thiazolidenedione treatment (49), and exercise (50).
Whether these interventions would have an effect on metabolic
switching in vitro is a question requiring further study.

In vivo, we observed the expected positive relationship between
metabolic flexibility and both IS and aerobic fitness. This is in
agreement with the previous findings of Kelley et al., who showed
that obese and type 2 diabetic individuals have a defect in the abil-
ity to switch between fuels in response to insulin, indicating the
state of metabolic inflexibility (S, 14).

Our in vitro results demonstrate that glucose suppresses FOx in
the absence of insulin. This reverse Randle cycle was demonstrated
to operate in myocytes (51) and animal models (52), as well as in
lean, healthy individuals (32) and type 2 diabetics (22).
Importantly, we found substantial interindividual differ-

number and function (3, 55, 56), might play an important role in
the regulation of insulin-independent substrate utilization in mus-
cle cells. However, the mechanisms by which glucose elicits a differ-
ential effect on FOx in vitro will require further study.
Adaptability represents an increase of FOx in myotubes in
response to an increased fatty acid concentration. Previous stud-
ies have shown changes in substrate partitioning and a decrease in
oxidative capacity in formerly obese, obese, and diabetic individu-
als (5-7,57, 58). We showed that there are individual differences in
adaptation to a HFD in vivo (15). However, much less information
is available about whether differences in the capacity to oxidize fat
are preserved in vitro (43-45). In our model, short-term exposure of
myotubes to increased palmitate levels enhanced FOx 3- to 5-fold,
the magnitude of response correlating with clinical phenotype.
Adaptability is the result of a concert of events, including uptake
and transport of fatty acids, fuel sensor systems, and cellular oxida-
tive machinery (59-63). The importance of these mechanisms for
the observed in vitro phenotype remains to be determined.
Previous studies found defects in the absolute rate of FOx only
in skeletal muscle cells or muscle homogenates from individuals

ences in the magnitude of glucose suppression of FOx in A 0175 r=—0.61 B ] 2007
vitro. This indicates that factors other than hyperglycemia, orsot . P=0.007 E =175
such as basal glucose uptake (53, 54) and mitochondrial ~F = ' \‘;’:g 15.0-
5 g 0.125 N %
o & 01007 ' £ 31259

Figure 2 8 & o075 "N 8 2 1001
In vitro suppressibility is an intrinsic characteristic of muscle g = 0,050, N N . = cg» 750
cells. The potential of glucose to suppress FOx (COy) invitro = ' . ' F -
(% suppression of *CO, = [1 — (FOx at 5 mM glucose / FOx 0.025 T T T £ 500 — T T T T 1
at 0 mM glucose)] x 100) is correlated with in vivo metabolic % 40 50 60 70 80 %0 %0 40 S0 60 70 B0 90
flexibility [as indicated by ARQ (clamp), an insulin-stimulat- oln vitro SUP.preS?'B'mé oln vitro SUP.preS?'B"%
ed change in RQ, measured by indirect calorimetry during (% suppression of CO,) (% suppression of “CO,)
the clamp] (A); in vivo IS represented by glucose disposal C i D o507
rate, measured by clamp (B); percent body fat, measured % 0.45-
by dual energy X-ray absorptiometry (C); and in vivo fasting - € 5404
FFA levels (D). Muscle cells from 16 individuals were grown 8 £
and differentiated into myotubes in 24-well plates. Myotubes § E 0357
were preincubated in glucose- and serum-free medium and 53} L 0.307
incubated for 3 hours with 1 uCi/ml 14C-palmitate, without &* 2 0.5+
glucose (to measure maximal FOx) or with 5 mM glucose g 0.20
(to measure suppressed FOXx). After incubation, “CO, and 10 S L 015 -
14C-intermediate metabolites of FOx were determined. 3 40 50 60 70 80 90 30 40 5 60 70 8 90
Assays were performed in duplicates and data were normal- In vitro suppressibility In vitro suppressibility
ized to protein content. (% suppression of “CO,) (% suppression of *CO,)
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In vitro adaptability is an intrinsic characteristic of muscle
cells. The capacity of muscle cells to increase FOx (mea-
sured by “CO, production) in the presence of high palmitate
concentration (fold increase in *CO, = “CO,at 100 uM pal-
mitate / 1*CO, at 0 uM palmitate) in vitro is correlated with
flexible clinical phenotype [ARQ (clamp)] (A); insulin-sen-
sitive clinical phenotype (IS is represented by the glucose
disposal rate, measured by clamp) (B); VO.max in vivo (C);

5.0

Insulin sensitivity (clamp)

T T T T T T
35 4.0 45 5.0 3.0 3.5 4.0

I
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In vitro adaptability
(fold increase in *CO,)
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45+
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% Body fat

T
4.5

In vitro adaptability
(fold increase in "*CQO,)

r=-0.62
P=0.001

percent body fat, measured by dual energy X-ray absorpti-
ometry (D); and fasting insulin levels on a standard diet (E).
Muscle cells from 16 individuals were grown and differenti-
ated into myotubes in 24-well plates. Myotubes were prein-
cubated in glucose- and serum-free medium and incubated
for 3 hours with 1 uCi/ml '“C-palmitate, in the presence or
absence of 100 um cold palmitate. After incubation, levels of
14C0O; and '“C-intermediate metabolites of FOx were deter-
mined. Assays were performed in duplicate, and data were
normalized to protein content. Data were adjusted for basal
14CO0O, production ('#*CO. production at 1 uCi/ml labeled pal-
mitate and 0 uM cold palmitate).
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with a BMI greater than 40 kg/m? and in type 2 diabetics (43-45).
Our results suggest that differences in the dynamics of FOx in
young, healthy individuals mirror the metabolic characteristics of
the donor. Moreover, the change in CO; production correlates bet-
ter with clinical phenotypes than does the change in production
of intermediate metabolites of FOx. This might be due to the fact
that CO; represents the end product of FOx, while intermediate
metabolites (ASPs) can be reused for lipid synthesis (64).

The relationship between in vitro metabolic switching and in
vivo insulin responsiveness points out the importance of FOx
for an insulin-sensitive phenotype. Intrinsic defects in metabolic
switching of skeletal muscle might participate in the generation
of a “lipotoxic milieu” in the muscle cell (13, 14) that acts in con-
cert with environmental factors, such as a HFD, to favor the accu-
mulation of lipids and lipid intermediates implicated in insulin
resistance (34-37). According to our observations, skeletal muscle
does not appear to be an innocent bystander but rather an active
participant in the pathogenesis of obesity and insulin resistance.

Furthermore, our results from cells incubated in an insulin-free
medium demonstrate that insulin is not needed for the expression
of the metabolic switching phenotype in muscle cells. It is possible
that a decrease in FOx observed in the fasting diabetic individual, as
exemplified by an increase in fasting RQ, might be due to a defect
in the ability of a muscle cell to oxidize fat or due to the sensitivity
1938
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1
5.0
of the cell to increasing extracellular glucose, which causes
it to turn off FOx. Leg balance studies showing decreased
FOx in diabetes are consistent with our findings (1, 5, 23).
There are 2 major possible explanations for the variability
in metabolic switching. First, the relatively strong in vitro-
in vivo relationships suggest that metabolic switching has
a genetic origin. A second possibility is that myotubes in
culture were previously programmed by their in vivo envi-
ronment. Exposure to unknown in situ conditions might
cause imprinting of the genome, imposing long-lasting
effects on the cellular phenotype, as was demonstrated in
rats and humans (65-67). The possible influence of diet or
other environmental factors on the genome in the course
of life also cannot be excluded and will require further
study. In either case — whether influenced by genetic or
epigenetic factors — skeletal muscle appears to play a decisive role in
the handling of a nutritional challenge, such as a HFD.

In conclusion, we found that metabolic switching, representing
dynamic changes in FOx in skeletal muscle cells, was correlated
with clinical phenotypes of cells’ donors. Myotubes retained the
characteristics of the donor. This indicates that metabolic switch-
ing is, at least to a certain extent, an intrinsic characteristic of skel-
etal muscle, which suggests that defects in metabolic switching
might be one of the primary events in the development of obesity
and insulin resistance.

Methods
Study population and design. The “Mechanisms of Interindividual Dif-
ferences in the Adaptation to High-Fat Diets” protocol (also known as
the ADAPT study) is a cross-sectional, short-term interventional study
designed to examine interindividual differences in FOx when subjects are
placed on an isoenergetic HFD for 3 days. The protocol was approved
by the institutional review board of the Pennington Biomedical Research
center. All volunteers gave written, informed consent. Healthy young men
and women, aged 18-29 years, with a BMI of 20-35 kg/m? underwent
complete physical examination, routine medical laboratory tests, and
anthropometry. After completing the screening process, participants pre-
sented to the Pennington inpatient unit on day -4 and ate a weight-main-
taining diet consisting of 35% fat, 16% protein, and 49% carbohydrate. On
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Figure 4

Model of in vitro metabolic switching. Glucose suppressibility: In insulin-
free medium, adaptable cells are able to maintain a relatively high rate
of FOx in the presence of glucose compared with nonadaptable cells.
According to our studies, in vivo insulin responsiveness decreases with
increasing in vitro suppressibility, which indicates greater glucose sup-
pression of FOXx in insulin resistance and metabolic inflexibility. Meta-
bolic adaptability: Adaptable cells possess a higher capacity to increase
FOx when exposed to a high palmitate concentration compared with
nonadaptable cells. According to our studies, in vivo insulin responsive-
ness increases with increasing in vitro adaptability, which indicates a
greater capacity to increase FOx in subjects with higher IS.

day -3, a clamp was performed. On day 1, participants entered a whole
room calorimeter and continued on the same weight-maintaining 35% fat
diet. Total daily energy expenditure, FOx, protein oxidation, and carbohy-
drate oxidation were measured at energy balance (mean energy balance
over 4 days, 30.7 + 79.2 kcal/24 h [mean + SD]).

Clamp. IS was measured by clamp (68) prior to the start of the HFD.
Subjects were asked to refrain from vigorous physical activity for 48 hours
before the clamp. After an overnight fast, insulin (80 mU/m?/min) and
20% glucose (to maintain plasma glucose at 90 mg/dL) were administered
for 3 hours. Glucose and insulin were measured in 3 independent blood
plasma samples 5 minutes apart at baseline and again at steady-state
insulin and glucose levels after approximately 2 hours. Glucose disposal
rate, a parameter of IS, was adjusted for kilograms of LBM. Fasting RQ,
steady-state RQ (clamp RQ), and substrate oxidations for fat and car-
bohydrate were calculated from O, consumption and CO; production
[RQ = CO, produced / O, consumed], measured before the clamp (fasting
values) and during the steady state of the clamp by indirect calorimetry.
An insulin-stimulated change in RQ, the parameter of metabolic flexibil-
ity, quantifies the readiness of metabolism to switch from fasting FOx to
insulin-stimulated glucose oxidation [ARQ (clamp) = RQ at the end of the
insulin-stimulated glucose infusion - fasting RQ] (14).

VO,max. VO,max was determined by a progressive treadmill test to
exhaustion in accordance with the recommendations described by the
American College of Sports Medicine (69). The volume of O, (VO,) and
CO;, was measured continuously using a metabolic cart (Vmax29 series;
SensorMedics). Heart rate was monitored continuously using a portable
heart rate monitor (Polar S-610; Polar Beat).
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Body composition. Body fat mass and LBM were measured on a Hologic
Dual Energy X-Ray Absorptiometer in the fan beam mode (QDR 2000;
Hologic Inc.). Coefficients of variation for the measurement of the LBM,
fat mass, and percentage of body fat were 0.8%, 1.6%, and 1.7%, respectively.
Visceral fat was measured by CT scanning using a high-speed CT scanner
under an established protocol (70).

Respiratory chamber. Twenty-four-hour energy expenditure and RQ were
determined in a whole room respiratory calorimeter as previously described
(71). Ozand CO; levels were measured using a Magnos 4G magneto-pneu-
matic oxygen analyzer (Hartmann and Braun). Energy expenditure and
substrate oxidations were calculated from O, consumption, CO; produc-
tion, and 24-hour urinary nitrogen excretion using equations established
by Acheson et al. (72). Coefficients of variation for total daily energy expen-
diture and RQ are 2% and 16%, respectively. RQ were adjusted for energy
balance as described previously (71).

Skeletal muscle cell culture. Muscle biopsy was performed on day -2 (stan-
dard diet) and day 5 (third day on the HFD). Cultures were obtained from
samples from the second biopsy. Samples of vastus lateralis, weighing
60-100 mg, were obtained by muscle biopsy using the Bergstrom technique
(73). Satellite cells (quiescent mononuclear muscle cells) were isolated by
trypsin digestion, preplated on an uncoated petri dish for an hour to remove
fibroblasts, and subsequently transferred to T-25 collagen-coated flasks in
DMEM supplemented with 9% FBS and growth factors (human epidermal
growth factor, BSA, dexamethasone, gentamycin, fungizone, fetuin) as pre-
viously described (74, 75). Cells were passaged once, harvested, and frozen
at approximately 80% confluence. When ready for an experiment, cells were
thawed and seeded into 24-well plates at a density of 40 x 10° cells per well.
Cells were grown at 37°C in a humidified atmosphere of 5% CO,. Differ-
entiation of myoblasts into myotubes was initiated at approximately 90%
confluence, by switching to a-MEM with antibiotics, 2% FBS, and fetuin.
The medium was changed every other day. Measurement of FOx was per-
formed after 5 days of differentiation, when about 70-80% of mononuclear
myoblasts had fused to form multinuclear elongated myotubes. Occasional
spontaneous contractions were observed.

FOx assay. Cells were preincubated with a glucose- and serum-free medi-
um for 90 minutes, and this was followed by a 3-hour incubation with
[1-14C]-labeled palmitate (1 uCi/ml; NEN Life Science Products) and non-
labeled (cold) palmitate, with or without glucose. Palmitate was coupled
to a fatty acid-free BSA in a molar ratio of 5:1.

In vitro suppressibility assay. The in vitro suppressibility assay was designed
to measure the ability of myotubes to maintain FOx in the presence of glu-
cose, in insulin-free medium (that is, fuel preference of metabolic switch-
ing). In preliminary experiments (n = 7), we incubated cells with labeled
palmitate and 20 uM cold palmitate with 0, 0.5, 1.5, and 5 mM glucose
to determine the relationship between FOx and glucose concentration.
For the rest of experiments, only maximal FOx (without glucose) and sup-
pressed FOx (with 5 mM glucose) were determined.

In vitro adaptability assay. The in vitro adaptability assay focused on the
capacity of myotubes to increase FOx in response to an acute exposure to a
high palmitate concentration. In preliminary experiments (n = 8), we incu-
bated cells with labeled palmitate and 0, 20, 50, and 100 uM nonlabeled
(cold) palmitate, in the absence of glucose and insulin, to determine the
relationship between FOx and palmitate concentration. For other experi-
ments, only basal FOx (at 1 uCi/ml, 0 uM cold palmitate) and FOx (at 100
uM palmitate) were determined. Following incubation, 1#CO,and 1#C-ASPs
were measured according to the method of Muoio et al. (75), with some
modifications. Briefly, assayed medium was transferred into a 48-well trap-
ping plate. The plate was clamped and sealed, and perchloric acid was inject-
ed through the holes in the lid into the medium, which drove CO, through
the tunnel into an adjacent well, where it was trapped in 1M NaOH. Fol-
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lowing trapping, media was spun twice for the measurement of #C-ASPs.
Aliquots of NaOH and medium were transferred into scintillation vials,
and radioactivity was measured on a multipurpose scintillation counter
(LS 6500; Beckman Coulter). Cells were washed twice and harvested into
0.3 ml of 0.05% SDS for subsequent protein measurement. All assays were
performed in duplicate, and data were normalized to protein content.

Calculations. Absolute rates of FOx were adjusted for specific activity to
account for a dilution of *C-palmitate with unlabeled palmitate. TOx
was calculated as the sum of the CO, and ASPs produced. In vitro sup-
pressibility was calculated as percent suppression of FOx [% suppression =
(1-[FOx at5 mM glucose / FOx at 0 mM glucose]) x 100]. In vitro adapt-
ability was calculated as fold increase of FOX [fold increase = FOx at 100
uM cold palmitate / FOx at 0 uM cold palmitate]. Calculations were per-
formed separately for CO, and TOx.

Statistical analysis. All clinical data were entered into the Pennington Bio-
medical Research Center database, extracted, combined with the in vitro
fatty oxidation assay data, and analyzed using JMP software version 5.0.1a
(SAS Institute Inc.). Correlations were performed in a pairwise fashion
using the Pearson product moment correlation. To account for the effect
of basal FOx on the fold increase in FOx, the semi-partial correlation was
computed to examine the relations between fold increase FOx and clinical

characteristics (BMI, VO,max, fasting insulin, etc.), while basal FOx pro-
duction was held as a constant. The semi-partial correlation coefficient
was calculated in SAS (version 8.2; SAS Institute) using the PROC REG
subroutine. All values are presented in figures and tables as sample (raw)
mean + SE. The type II error rate was set a priori at P < 0.05.
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